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PREFACE 


Stoichiometric methods of computation are taught in every 
course in Quantitative Analysis, but frequently no analogous 
training accompanies the instruction in Industrial Chemistry. 
This is unfortunate, because the ability to interpret data quan- 
titatively is of inestimable value in industrial work. In both 
laboratory and plant the same fundamental, natural laws apply, 
but in the two cases there are important variations of conditions 
that greatly influence the quantitative methods of using them, 
making the technique of industrial computations decidedly 
more involved and difficult to master than that of quantitative 
chemistry. ; 

Little study is required to bring out some of the essential 
differences between laboratory and plant conditions. Thus, in 
analytical chemistry a quantity of the material to be investigated 
is taken, kept carefully isolated from its surroundings to prevent 
either loss or contamination, and put through a series of chemical 
transformations, conducted with little regard to expenditure of 
either time or money. ‘These conditions are specifically chosen 
to eliminate all impurities and finally to convert the component 
which it is desired to evaluate into a chemically pure form in 
which its quantity can be measured either directly or indirectly, 
by weight or otherwise. It is rare indeed that industrial proc- 
esses do not deviate from these conditions in one or more impor- 
tant respects. Thus, in the burning of coal, sulfur or pyrites, no 
one part of the material treated is isolated from the rest, but, 
when fed to the furnace, it mixes with material already there 
which is partially burnt, and, later, with fresh charge introduced 
at a subsequent time. Similarly, while it is desirable to have 
chemical conversion under industrial conditions as complete 
as practicable, it is almost never economically advisable to try 
to make reactions quantitative in the analytical sense, because 
the cost is greater than the advantage gained. Again, the reac- 
tion products instead of being isolated in the pure state, are 
frequently employed as they are, either directly or as starting 
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points for further reactions. It is obvious that such essen- 
tial differences necessitate modified methods of stoichiometric 
interpretation. 

In industry, two important methods of operation are the batch 
and the continuous types. [Illustrations of the first are the con- 
version of pig iron into steel in the open hearth furnace or in 
the Bessemer converter, the decomposition of sodium nitrate 
with sulfuric acid, the graphitization of electrodes in the electric 
furnace, the sulfonation of benzol in an autoclave, etc.  Illus- 
trations of continuous processes are the operation of a contact 
sulfuric acid converter, the absorption of ammonia and light oil 
from coal gas, the calcining of cement rock in a rotary kiln, the 
formation of paper on the Fourdrinier, and the like. Interme- 
diate between these stand semi-continuous processes, such as 
the operation of the ring furnace and the blast furnace, the extrac- 
tion of such materials as tan bark and black ash by counter 
current lixiviation, the tube and tank cracking process for the 
production of gasoline, the glass tank furnace, and many others. 
In a given plant, operations belonging to various types may be 
tied in with one another. One of the important factors in 
industrial stoichiometry is the differentiation between these 
types of operation. 

In a sense, batch operations differ in type from those of quan- 
titative analysis only in the scale upon which they are conducted. 
Hence the computation methods of batch operation are identical 
in principle with those of quantitative analysis and, because of 
this fact, require but little emphasis here. Continuous and 
semi-continuous processes are less frequently met in the labora- 
tory and the computation methods applicable to them are so 
seldom developed in the classroom that in the following pages 
they demand more complete treatment. 

Adequate control of process and design of equipment involves 
consideration of three groups of factors, each separate from the 
others, yet all three intimately interrelated in determining final 
results. The first group comprises the quantity relationships 
included in the laws of stoichiometry in the narrower sense of 
that word, 7.e., the laws of the conservation of matter and of 
the elements, and the law of combining weights, but including 
also the law of the conservation of energy. The second group 
involves the equilibrium relationships of chemical reactions and 
the third the rate relationships. The second determines to what 
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extent it is possible to carry any given reaction under any given 
set of conditions and the third determines the production 
capacity of the equipment. In engineering work no one of the 
three can be ignored, but in a certain sense the first group are 
the basic, underlying relationships. It is with the first group 
alone that this book deals. 

All quantitative work must be based upon adequate and 
dependable data. It frequently happens that quantities indus- 
trially important are not subject to direct measurement or can 
be determined directly only at great expense. It is, however, 
always true that certain data are readily and accurately deter- 
mined. By the use of data of this sort, at times supplemented 
by auxiliary measurements so chosen that they can be made with 
a maximum of accuracy and at a minimum of expense, it is 
almost always possible to compute the quantities it is necessary 
to know. Furthermore, the computation methods can be free 
from assumptions, which are open to question. This habit 
of letting the head save the heels is an important asset in engineer- 
ing work. Throughout this book especial emphasis is laid upon 
this phase of the problem. The reader will note that, in general, 
the data given are easily and accurately obtainable and are used 
to compute quantities industrially important which would be 
economically expensive to measure directly. In the preliminary 
presentation of topics, the illustrations are chosen, not from this 
point of view, but to familiarize the beginner with the concepts 
in the clearest possible way. 

No accountant considers his work complete until his books 
are balanced, for, while balancing does not prove the figures 
correct, it offers an important check upon their dependability. 
It is surprising how seldom the engineer employs this principal 
of balance in checking the accuracy of his figures. Technical 
reports containing inconsistent data, the incompatibility of which 
was never recognized by the writer of the report, are too fre- 
quently encountered. One reason for this situation undoubtedly 
lies in the fact that the technique of cross-checking industrial 
chemical data is more involved than that of cost accounting. It 
is, however, no less important and has consequently been made 
one of the major points of emphasis in this book. 

Because of the saving of time and of the fact that industrial 
computations so rarely justify higher precision, the slide rule 
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has been used almost exclusively. It is, however, important to 
recognize those cases in which greater precision is essential. 

The teaching experience of the authors convinces them that 
one of the glaring weaknesses of the beginner is inability to think 
clearly and accurately in terms of arithmetic. As preliminary 
exercises to overcome this difficulty, problems of the type given 
at the end of Chapter I and in connection with Chapter IX will 
be found helpful. From this angle it is sometimes desirable 
to take up Chapter IX immediately after the Introduction, 
before going on with Chapter II and the rest of the book. 

It is hoped this book will prove of real value, not only as a 
supplementary text in connection with classroom instruction 
in Industrial Chemistry, but also as an aid in the technique of 
computation to all those interested in the chemical phases of 
industry. 5 

W. K. Lewis. 
A. H. Rapascu. 
CamBripcn, Mass., AND 


Aurrep, N. Y. 
April, 1926. 
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INDUSTRIAL STOICHIOMETRY 


CHAPTER I 
INTRODUCTION 


Industrial stoichiometry is the application of the laws of the 
conservation of matter, of the elements and of energy, and of the 
chemical laws of combining weights, to the processes and oper- 
ations of industrial chemistry. Because these laws are all of 
absolute validity,+ conclusions correctly based upon them cannot 
be questioned, and this fact gives them their outstanding impor- 
tance in industrial work. They are invaluable in determining 
quantitative interrelationships and the dependability of data. 
The purpose of this book is to develop the technique of using 
them most effectively under the conditions of industrial practice. 

While the method of presentation employed in the following 
chapters involves mastering general principles by studying their 
applications in specific cases, it is none the less desirable to sum- 
marize in this chapter the fundamental concepts and certain basic 
data found useful in nearly all cases. This summary is a brief 
review of certain elementary principles of analytical and physical 
chemistry, indicating also the modifications in the method of 
using them in English units. 

Molal Units.—As in analytical and physical chemistry, so in 
industrial stoichiometry, it is frequently advantageous to use 
the mol as the unit of quantity. Whereas, in scientific work 
the gram mol is employed almost exclusively (i.e., a weight 
in grams equal to the molecular weight of the substance in 
question), in industrial work the pound mol, a weight in pounds 


1 The ordinary form of the law of conservation of the elements must, of 
course, be modified when dealing with radioactive elements, but even in 
this case the correction is usually negligible, except when dealing with such 
elements of relatively short life. Furthermore, when dealing with isotopes, 
the proper atomic weights must be used. Obviously, however, in the 
overwhelming majority of industrial problems no such qualifications come 
into consideration. 
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equal to the molecular weight of the material, is often more con- 
venient. Where any doubt exists as to molecular weight, as, for 
example, with materials subject to partial dissociation or to poly- 
merization or the like, the value of the molecular weight employed 
must be clearly indicated, corresponding to the value employed 
in writing the chemical equation. Frequently, the gram atom or 
pound atom is also used, and is sometimes loosely referred to as 
mol. Since there are 454 grams per pound, it follows that a 
pound mol is 454 gram mols, but, as will appear later, this relation- 
ship is seldom used. 

Gas Laws.—The behavior of the so-called ‘perfect gases”’ 
is indicated by the gas laws as represented by the equation, pv = 
nRT. In this equation p is the absolute pressure of the gas, v is 
its volume, nis the number of mols of the gas under consideration, 
R is the gas constant and T' is the absolute temperature. Both 
pressure and volume can be in any units desired and the temper- 
ature on any scale, but the scale must start at the absolute zero. 
The quantity of the gas in mols can also be expressed in any 
units but only the gram mol, kilogram mol and pound mol are 
ordinarily employed. Thé gas constant, R, is the same for all 
gases but its numerical value depends on the units in which the 
other quantities in the equation are expressed. For pressures in 
atmospheres, volumes in liters, quantities in gram mols and tem- 
perature in degrees Centigrade absolute, the gas constant, R, is 
0.08207. For pressures in lb. per sq. ft., volumes in cu. ft., 
quantities in lb. mols and temperatures on the absolute 
Fahrenheit scale, R equals 1548. 

Since the absolute zero of temperature is approximately 
— 273°C., 7.e., —460°F., these quantities must be added to 
temperatures on the Centigrade and Fahrenheit scales respec- 
tively to get absolute temperatures. Absolute temperatures on 
the Centigrade scale are frequently called degrees Kelvin (°K.) 
and on the Fahrenheit scale, degrees Rankine (°R.).! 

The deviations from this equation of the so-called ‘permanent 
gases,’’ t.¢e., those whose critical temperatures are well below 
atmospheric temperature, are slight up to pressures of several 
atmospheres, and for most purposes usually negligible at 1 atm. 
or less, and at normal and higher temperatures. At pressures 
below atmospheric, the deviations of other gases and even of 


‘It should be kept in mind that while the melting point of ice is 0°C. 
(273°K.) it is 32°F, (492°R.). 
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saturated vapors seldom exceed 2 or 3%. Furthermore, the 
lower the pressure and the higher the temperature the less the 
deviations. 

Another law applicable to all gas mixtures, the components 
of which follow the gas laws, is Dalton’s law relative to the addi- 
tivity of partial pressures. It is easily seen that in any mixture 
of gases following these laws, the volume per cent of any compo- 
nent is equal to the mol per cent of that component and is also 
equal to the partial pressure of that component expressed as a 
percentage of the total pressure. This may be written: 


partial pressure 


volume per cent = 100 (mol fraction) = 100 “total pressure 


This rule is used in all volumetric gas analyses. Such analyses 
are always made at atmospheric pressure or below, and, in 
general, the partial pressures of the individual components are so 
low that the deviations from the gas laws are less than the 
manipulative errors of analysis. However, should conditions 
where this is not the case be encountered, analysis must be made 
by other methods or else the results corrected for the deviations. 
It is, however, perfectly allowable to make gas analyses at low 
pressures where the gas laws hold, and then to use the analytical 
results under higher pressures and lower temperatures where the 
deviations may be very large, since a change in temperature or 
pressure alone cannot possibly produce a change in the 
composition of a mixture as a whole. 

Exactly as in the solution of problems in analytical and physical 
chemistry, it is frequently most convenient to use the gas laws 
in terms of the gram-molecular volume, 22.4 1., 7.e., the volume 
of 1 gram mol of any gas under standard conditions of temper- 
ature and pressure—so in industrial work, it is frequently desir- 
able to use the pound-molecular volume, which is 359 cu. ft. 
under standard conditions of temperature and pressure, namely, 
the freezing point of water and 1 atm. Indeed, it is not infre- 
quently convenient to define the molecular weight of a gas as the 
weight in pounds of 359 cu. ft. of the gas, measured at standard 
conditions. Variations in temperature and pressure are then 
readily allowed for by proportion. 

Heat Quantities.—In the metric system, the unit of heat is the 
gram calorie (cal.), and in the English, the British thermal unit 
(B.t.u.) and the Ceatigrade heat unit (C.h.u.). The latter is 
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the heat necessary to raise 1 lb. of water 1°C., and since 1°C. = 
1.8°F., 1 C.h.u. = 1.8 B.t.u. In almost all chemical work, the 
thing of interest is the ratio of the amount of heat to the 
amount of material under consideration, and a little study will 
make it clear that such a ratio in gram calories per gram is 
numerically identical with the same ratio in C.h.u. per pound. 
Thus, the statement that a certain liquid has a specific heat of 
0.5 means that it requires 0.5 cal. to raise 1 g. of the liquid 1°C. 
Obviously, it also requires a numerically equal quantity of heat, 
0.5 C.h.u., to raise 1 lb. of the liquid 1°C. 

Heats of chemical reactions are almost always given on a molal 
basis, corresponding to the chemical equation as written 
in connection therewith. Thus, the equation, 


CaO + CO, = CaCO; + 42,500 cal., 


means not only that 56 g. of CaO combine with 44 g. of COz to 
form 100 g. of CaCOs;, but also that the combination of these 
quantities of reacting substances to form this amount of product 
evolves 42,500 cal. of heat, 7.e., sufficient to raise 42,500 g. of 
water 1°C. It should be obvious that if 56 lb. of CaO combine 
with 44 lb. of COz to form 100 lb. of carbonate, the heat evolved 
will be sufficient to raise 42,500 lb. of water 1°C., 7.e., will be 
equal to 42,500 C.h.u. 

The molal heat capacity of a material is the amount of heat 
necessary to raise 1 mol of the substance 1° and is, therefore, its 
specific heat times its molecular weight. For certain groups of 
gases, the molal heat capacities of all members of the group are 
the same, or substantially so. Thus, for the monatomic, perma- 
nent gases, the MC, = 5.0, substantially independent of the 
temperature. For the permanent diatomic gases, MC, = 6.5 + 
0.0017, where T is in degrees Kelvin (degrees Centigrade abso- 
lute). For gases of more complicated structure, the formulas are 
more involved.! In stoichiometric computations, one is almost 
always interested not so much in the heat capacity as in the total 
heat quantity corresponding to a given change of temperature. 
Because the computation of such quantities issomewhat involved, 
it is more convenient to represent them by a diagram (see Figs. 
1 and 2). While these figures give the total sensible heat per 
mol of gas above the freezing point of water as a base line, the 


1 Lewis and RANDALL, J. Am. Chem. Soc., 34, 1128 (1912). 
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heat quantity corresponding to any given change in temperature 
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1 Jt is also recognized that the molal heat capacity of hydrogen (6.5 +. 


0.00097’) is less than that for nitrogen and oxygen (6.5 + 0.00107). 


How- 


ever, in most practical problems involving gases containing hydrogen, such 
as producer gas, the molal heat content of hydrogen may be assumed the 
same as that of the other diatomic gases, with little error. 
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Ratios and Conversion of Units.—In the main, chemistry is a 
science whose basic quantitative relationships are simple propor- 
An appreciation of this fact greatly simplifies computa- 


tions. 


B.t.u. per \b.mol. 


tions, particularly the conversion of units from one system to 
another.t. While this fact is emphasized repeatedly in the 
following chapters, a single illustration will not be out of place at 
this point. Assume that a sample of gasoline weighing 0.142 g., 
1 See particularly pp. 1389 and 140, 
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enclosed in a thin-walled sealed bulb, be introduced up through 
the mercury of a Torricellian barometer tube inverted in a dish of 
mercury, the whole jacketed at a temperature of 200°F. to insure 
complete vaporization of the gasoline. The height of the 
mercury in the tube above the level in the dish before the intro- 
duction of the bulb, corrected for the temperature of the mercury, 
was 752 mm. and after introducing and breaking the bulb was 
664 mm. The volume of the vapor above the level of the mer- 
cury was 310 cc. It is required to deliver, to the intake of an 
internal-combustion engine, a mixture of this gasoline vaporized 
in air at a temperature of 100°F., at a concentration such that the 
partial pressure of the gasoline vapor is 12.5 mm. How many 
cubic feet of air-vapor mixture must be delivered to the intake 
per pound of gasoline vaporized? 

Proportion offers perhaps the simplest method of solving 
this problem. The data show that at 200°F. and 752 — 664 = 
88 mm. absolute pressure, 0.142 g. of gasoline vapor occupies the 
volume of 310 g. of water. By proportion, it is, therefore, 
obvious that, at 200°F. and 88 mm. pressure, 0.142 lb. of gasoline 
vapor will occupy the volume of 310 lb. of water, 7.e., 310/62.4 = 
4.97 cu. ft. Hence, again by proportion, under the same condi- 
tions of temperature and pressure, | lb. of vapor would occupy 
4.97/0.142 = 35.0 cu. ft. At the lower pressure of 12.5 mm.,! 
the volume of vapor is increased in inverse proportion to the 
pressures to 35.0(88/12.5) = 246.3 cu. ft. Due to the lower 
temperature, this is reduced in proportion to the absolute 
temperatures to 246.3(560/660) = 209 cu. ft. This is the 
volume of gasoline vapor-air mixture which must enter the 
intake in order to introduce 1 |b. of this particular gasoline as 
vapor if its partial pressure in the mixture is 12.5 mm. 

It will be noted that such a method of attack avoids the neces- 
sity of conversion factors from one system to another and, 
furthermore, makes it possible easily and clearly to visualize the 
significance of each step of the computation, thereby greatly 
reducing the chances of errors. 

Material and Energy Balances.—-Because industrial stoi- 
chiometry is based on the laws of conservation of matter and of 
energy, the method of computation most frequently employed is 

1 Note that the volume of the gasoline depends on its partial pressure 


alone, and is independent of that of the air mixed with it and occupying the 
same volume. 
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the equation of input to output. Where the data are available, 
such a balance can be set up for each element involved, as well as 
for the energy effects. Furthermore, each of these equations is 
in such case independent of all the others. The most important 
factor in the technique of industrial stoichiometry is the mastery 
of the manipulation of balances of this sort. 

Basis of Computation.—To insure clarity and accuracy of 
thinking, it is imperative to visualize exactly the thing under 
consideration. This thing or quantity about which one is talking 
is called the “‘basis”’ of computation. As will appear from the 
illustrations throughout this book, it is highly desirable to state 
the basis employed at the head of all computations and never to 
change it without indicating that this has been done. Changing 
bases in the midst of a computation is shifting gears with the 
clutch in and the throttle open. It is, perhaps, not impossible to 
do it, but, in general, the procedure is inadvisable. 

At the end of each chapter will be found a number of 
numerical problems, the ready solution of which depends pri- 
marily upon the choice of a proper basis of computation. 

Dependability of Results.—Because stoichiometric computa- 
tions are based on laws of absolute validity, the dependability of 
the results can be limited only by the accuracy and completeness 
of the data. Thus, stoichiometric methods provide an excellent 
check on the reliability of industrial data from whatever source, 
making it possible to detect inconsistencies and errors and to 
avoid unjustifiable conclusions. Obviously, the data on which 
such computations are based must be collected with care. 
Samples taken for analysis must truly represent the average 
composition of the materials in question. Analyses must be 
made with accuracy. No sources of loss must be overlooked or 
neglected. When, however, these precautions have been taken 
and the data cross-checked by proper methods of computation 
and comparison, it becomes possible to have justifiable and well- 
founded confidence in the results and, therefore, in conclusions 
based upon them. 


PROBLEMS 


1. A rubber compound is analyzed by first extracting with acetone. 
The total acetone extract is found to be 4.832%. A portion of the rubber 
thus extracted is now analyzed for sulfur by oxidation and precipitation 
with barium chloride in the usual way. The sulfur thus found in the extracted 
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material is 3.15%. There being no inorganic sulfur compounds in this 
particular sample, this figure represents the chemically combined sulfur 
in the rubber. What is the percentage of chemically combined sulfur in 
the original sample? 

2. A furnace uses coal containing 3.3% moisture, 24.8% volatile com- 
bustible matter, 60.3 % fixed carbon and 11.6% ash. The ashes removed 
from beneath the grate, when carefully sampled and analyzed, are found 
to contain 34.5% moisture (the ashes are wet down to prevent dusting), 
4.7% volatile combustible matter and 18.2% fixed carbon, the remainder 
being ash. Of the total combustible matter in the fuel fired, what per cent 
is lost by falling through the grate with the ash? 

3. A furnace fired with a coal containing 4.7 % moisture, 24.3 % volatile 
combustible matter and 61.4% fixed carbon and having a heating value 
of 14,800 B.t.u. per pound as fired yields an ash containing negligible mois- 
ture, 28% combustible matter substantially ali carbon and the rest ash. 
Pure carbon has a heating value of 14,540 B.t.u. per pound. What per- 
centage of the heating value of the fuel fired is lost as combustible matter 
falling through the grate with the ash? 

4. A company buys its paper at a contract price of 11.4 cts. per pound, 
on a specification of 5% moisture and with an arrangement for price adjust- 
ment if the moisture content differs from this figure. A shipment of 13,682 
lb. net weight is received, which is found upon careful sampling and analysis 
to average 7.86% moisture. What should be the billing price for the 
shipment? 

5. If in the preceding problem arrangement had been made to adjust 
not only for the moisture content of the shipment but also for the difference 
in freight at a freight rate of 24 cts. per 100 lb., what should have been the 
billing price? 

6. A tannery extracts Mangrove bark containing 4% moisture, 37% 
tannin and 23% soluble non-tannin material. The residue removed from 
the extraction tanks contains 62 % moisture, 2.8% tannin and 0.9 % soluble 
non-tannin material. What percentage of the tannin in the original bark 
remains unextracted in the residue? 

7. Hemlock bark containing 6% moisture, 10.8% tannin and 8.2% 
soluble non-tannin is extracted by the countercurrent Shank’s system. 
The extracted bark contains 0.95% tannin and 0.22% soluble non-tannin 
on a dry basis. If the cost of the original bark at the extraction plant is 
$26 per short ton, what is the raw-material cost of the tannin in the extract 
obtained? 

8. Pure CO: is made by dissolving CO, from flue gas in a solution of an 
alkali carbonate and later boiling the CO, out of this solution, which is 
used over again. A plant of this sort has an average CO. content in its 
flue gases, as determined by an Orsat analysis, of 16.2%. The CO: con- 
tent of the gases after leaving the absorbing towers is 9.5%. Of the total 
CO, entering the absorbers what per cent is dissolved? 

9. Of the total CO, boiled out of the absorbing liquor in the plant of 
the preceding problem, 15% is lost in various ways, the remaining 85% 
being obtained as pure product. What per cent of the CO, in the original 
flue gas is obtained as final product? 


10 INDUSTRIAL STOICHIOMETRY 


10. A soap factory can sell its green soap with 25% moisture at 7 cts. 
per pound, or it can dry this soap down to a 5% water basis before market- 
ing. The drying and other operations connected therewith cost a total of 
$1.20 per 1,000 lb. of water evaporated. What price can one afford to 
quote on the dried soap? 

11. Chlorine gas containing 2.4% oxygen is flowing through an earthen- 
ware pipe. The gas is measured by introducing into it air at the rate of 
115 cu. ft. per minute and further down the line, after mixing is complete, 
removing a second sample of the gas for analysis. The gas is now found 
to contain 10.85% oxygen. How many cubic feet of the initial gas were 
tlowing per minute through the pipe? 


CHAPTER II 
FUELS AND COMBUSTION 


Fuels may be divided into three classes, solid, liquid and 
gaseous. Although in industrial practice these types are differ- 
ently employed, all combustion calculations are made in substan- 
tially the same way. The ultimate analysis of the components 
entering a system is the essential basis of measurement and 
computation. Consequently, the form of the fuel matters little. 

Solid Fuels: Ultimate Analysis.—By ultimate analysis, solid 
fuels are found to contain carbon, hydrogen, sulfur, nitrogen, 
oxygen and ash, the mineral constituents (other than sulfur) being 
grouped together under the last head. The ultimate analysis is 
always reported in this way, oxygen being obtained by difference,! 
but may be reported upon either dry, ‘‘air-dried”’ or ‘‘as-fired”’ 
basis. It is not definitely known how the elements are combined, 
but it is convenient for purposes of computation to arrange the 
analytical results as follows: 

1. Moisture (loss in weight at 105°C.). 

2. Combined water, equivalent to the oxygen of the ultimate 
analysis. 

3. Carbon. 

4. Available or net hydrogen (other than that in moisture and 
combined water). 

5. Sulfur and nitrogen (usually in small amounts). 

6. Ash. 

In fuel calculations, the sulfur and the nitrogen are often 
neglected, though present in amounts ranging from 1 to 3% or 
more. Since the hydrogen content is always in excess of that 
necessary to form water with the oxygen, it can be assumed for 
purposes of calculation that all the oxygen is present in the form 
of water of chemical combination; the excess of hydrogen is then 
termed ‘‘available” or ‘‘net,’” 2.e., combustible or burnable 
hydrogen. 


1 See, however, p. 36. 
11 
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The ultimate analysis of coal is tedious and is often omitted, 
but, in order to obtain results of greatest value, should be made. 
Frequently, it is sufficient to know the carbon content only. It 
is often necessary, however, to estimate the composition of the. 
fuel. Where the origin of the coal in question is known, it is 
usually safe to assume the ultimate analysis of its combustible 
matter to be identical with that of other samples from the same 
field. The ultimate analysis may also be estimated with fair 
precision from the proximate analysis and the heat of combustion. 

Proximate Analysis.—The usual approximate method of 
expressing the composition of a solid fuel is to assume it to consist 
of moisture, combustible matter and ash. Upon ignition in a 
covered crucible, under specified conditions of time and temper- 
ature, the fuel loses all its combined water and hydrogen and a 
large amount of carbon in the form of volatile hydrocarbons, 
leaving the ash and the residual carbon. This loss upon ignition 
after drying is called “‘ volatile combustible matter.’”? The com- 
bustible left after ignition is called “fixed carbon.” The ash is 
the residue left from the complete combustion of the sample in 
the open air. The sum of moisture, volatile combustible matter, 
fixed carbon and ash is, therefore, 100%. 

The proximate and ultimate analyses of a Pennsylvania coal 
are given as follows, both being on an ‘‘air-dried”’ basis: 


PROXIMATE ULTIMATE 

Prr Crent Per Cent 

Noistures wee.) one ee 3.2) Carbone aware 79.90 
Volatile combustible matter. 21.0 Hydrogen............:.... 4.85 
nixedicar boone eens GOSS. Sulfurwesa see acai Rea 0.69 
JN Oy RP RCIA SAP ts oo EN aR 6. Sea Nitre cennis iO. Gear 1.30 
ee WAST Mets 2s whch te ae eer ae 6.50 

Total 100.0 Oxygen (by difference)..... 6.76 
MPotal. fm <iq: cee LOO LOO 


These two analyses must never be confused. From the 
proximate analysis it should not be concluded that the per cent 
of carbon in the coal is 69.3, but it should be remembered that 
the volatile matter contains carbon, enough in this case to make 
the total 79.90%. Likewise, the difference of 6.76% between the 


‘For methods of doing this see Watker, Lewis and McApams, “ Prin- 


ciples of Chemical Engineering,” or Marxs, “Mechanical Engineers’ 
Handbook.” : 
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total of the ultimate analysis as directly determined and 100% 
should not be called combined water. This difference is assumed 
to be oxygen. The hydrogen equivalent to the 6.76 of oxygen is 
-6.76 X 2/16 = 0.85, leaving 4.00 as the available or net hydrogen, 
and 6.76 + 0.85 = 7.61 as the total of combined water and 
moisture. Since, from the proximate analysis, it is already 
known that the moisture is 3.2, the combined water is 4.41%. 

Liquid and Gaseous Fuels.—Stoichiometrically, these are 
handled in the same manner as solid fuels. Liquid fuels consist 
largely of carbon and hydrogen with little or no oxygen or ash. 
Natural gas contains compounds of carbon and hydrogen (mostly 
methane and ethane, but usually with appreciable amounts of 
higher hydrocarbons), together with small amounts of other 
gases (nitrogen, carbon dioxide, etc.). Manufactured or second- 
ary gaseous fuels owe their calorific value to a number of gases 
which they contain, principally hydrogen, carbon monoxide and 
hydrocarbons. Here, however, owing to the large amount of 
nitrogen in some of them, this element cannot be neglected, as is 
so often done in combustion calculations dealing with solid fuels. 
The calculations pertaining to the preparation of one of the most 
important of these gaseous fuels are treated in Chap. III on Gas 
Producers. 

Whereas the analyses of both solid and liquid fuels are almost 
always reported as weight per cent, those of all gases, including 
both fuels and combustion products, are normally reported by 
volume per cent, which is identical with mol per cent. Wher- 
ever analyses are otherwise reported, it is imperative to state the 
fact. 

In reporting nitrogen, most or all of which usually comes from 
the air, the argon (and other noble gases) present in air to the 
extent of 1% is included with the nitrogen. Working by volume 
per cent, this is entirely allowable, since both elements take no 
part in ordinary combustion reactions. 

Heats of Combustion.—The heats of combustion of some of the 
more important compounds found as components of fuels are 
given in the following table. 
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Moat Heats or Comsustion At ConstanT PrEssuRE AT 20°C, 


In gram calories per gram mol = C.h.u. per pound mol 
ps Ser gS at ERIS ME GE a SSR a a a 


Higher heating | Lower heating 


Fuel value, water value, water 

condensed uncondensed 
Eivdrogenn (His) syste pyri tera ee ance 68 , 300 58 , 000 
Carbon (C to CO:).. ; nee 97 ,000 97 , 000 
Carbon monoxide (CO to CO48 erate 68 , 000 68 , 000 
Methanes(@GHa)asctea-c tie trae 212,000 191,000 
Hthanes( Cabs) henacioen Meee ae 371,000 340,100 
Mbhylene (Cabanas sere aes natin 336 , 000 315,000 
iAcetylened((@sEia) oct saeasa ok ronroet ieee 312,000 301,500 
Propanen(C PEs) era eters eas eee 529 , 000 487 ,000 
Bropyleneu(CsHic) i) aterm aoe eee 496 , 000 464,500 
Benzene: (Ce bls) nn scart Cet Rie eee 783 ,000 751,500 
Sulfurs(SitonsOp) hese oe a See ere 69,300 69,300 


Elementary Combustion Calculations.—If one were to burn 
pure carbon (charcoal or coke, free of hydrogen) with the theoret- 
ical amount of air, CO. would replace the O,2 in the air, mol 
for mol, and the analysis of the combustion gases would necessa- 
rily be 21.0% COz and 79.0% Ne.! If, on the other hand, 50% 
excess air be used, only two-thirds of the Oz in the air would be 
replaced by COs, the analysis of the flue gas under such conditions 
being 14.0% COz, 7.0% Oz and 79.0% Nz. The formation of CO, 
due to incomplete combustion or oxidation of the carbon, involves 
another step in calculation, because the reaction, 2C + O»2 = 
2CO, shows that 2 mols of CO are obtained for each mol of Ox. 
Suppose this same coke is burnt under such conditions that 75% 
of the carbon burns to the monoxide, the rest to dioxide, there 
being no excess air. This means that on burning 100 atoms of 
carbon there will be formed 75 mols of CO for every 25 mols of COs, 
requiring, therefore, 37.5 mols of O:2 for the former and 25 for the 
latter gas, the total O2 consumption being 62.5 mols. For every 
100 mols of air, there are 79 of N2 which must appear in the 
combustion gases. Of the 21 mols of Oz in this air, the amount 
going to CO is in the proportion of 37.5:62.5, or 12.6 mols, form- 
ing 25.2 mols of CO. The rest, 8.4 mols, yields the same number 
of mols of COs. The following table summarizes the data: 


1 Throughout this book air is assumed to contain 21.0% O2 by volume. 
This is perhaps high by a few hundredths of a per cent. 
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Cha. Mols per| Fraction Per cent 
P 100 of air of total of gas 

IN tee Gat Wane Omen mu Re ceayaed! chase EN 79.0 | 79.0/112.6 70.15 
SO cleats RNS N Cm Nien, ee pan ME An ee: PA PF |) BS PUA 22.4 

COE ar sie tro ee I te ee 8.4 8.4/112.6 7.45 
BotalecomblishlonsZAses seater cas kde Ou o]) Sie ken ee te OO). 0 


The presence of hydrogen in the fuel involves still another 
point. Pure hydrogen when burnt with theoretical air will, in 
effect, remove the oxygen from the air as water. The combustion 
gases will be water vapor and nitrogen, provided they are at 
some temperature above the condensation point of the water 
contained inthem. The gas analysis, however, does not show the 
presence of water, as it is condensed before and during the 
analysis, the resulting figures being on a dry basis. The analysis 
is, therefore, 100% Nz. With excess air, the corresponding 
oxygen will appear in the gas, with a decrease in the percentage 
of nitrogen. 

Consider a mol of methane burning with 100% excess air. 
The equation for the combustion may be written, 


CH; + 20, + (202) = CO, +-2H,0 + (200: 


The (202) represents the excess oxygen used. Thus there will 
be obtained 1 mol COs, 2 mols H2O and 2 mols Og. The nitrogen 
which comes into the furnace along with the oxygen is 4 79/21 
= 15.05 mols, giving a total of 20.05 mols of wet gas, but only 
18.05 mols of water-free gas. In the latter, the CO» will be 
1/18.05, or 5.54%; the Ov, 2/18.05, or 11.08%; and the Ne, 
15.05/18.05, or 83.38%. 

When hydrogen is present in the fuel and CO appears in the 
gases, there is a combination of the above conditions. A theoret- 
ical water gas, 7.e., an equimolal mixture of CO and He, burning 
with 30% excess air but with only 90% of the CO being con- 
verted to COs, would be an example. The 0.5 mol of CO and of 
H, contained in a mol of this water gas would each require 0.25 
mol of Os, a total of 0.5 mol for theoretical combustion. Using 
30% excess, the O2. employed would be 1.3 X 0.5 = 0.65 mol. 
The oxygen present in the combustion products may be con- 
sidered as made up of two kinds; first, the 0.15 mol used in excess 
of that required for theoretically perfect combustion, and, second, 
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10% of the 0.25 mol theoretically required by the CO but not 
used in the combustion. It is now easy to find the amounts of 
the various gases and the percentage composition. 


Fraction 


| Ms | of total 


Per cent 


JOG or 0: Ssmol CO = aie. aa 0.45 COz 0.45/3.12 14.4 CO: 


OG re (Os) sanyo) | (CLO) dade eon 0.05 CO 0.05/3.12 1.6 CO 
OMS 0S 1080825) eee 0.175 O2 0,175/3.12 5.6 O2 
ORO SRO 21) nie ue eene eeeeets 2.445 Ne 2.445/3.12|] 78.4 Ne 
Total water-free gas.......... Sh 128 yy eee ee 100.0 
Ohalssnraaye) bid eleemnle, a oman oriental cue 0.50 HO 
Rotel: ras heeeny.) ase creas eee 3.62 


Coal and fuel oil contain carbon and hydrogen in proportions 
which are not in simple molal ratios. The methods of calculation 
are similar to the above. Computation of the.analysis of the 
products of combustion of a fuel oil containing 84.6% C, 10.90% 
H and 2.87% O by weight, when burnt with 20% excess air, 
assuming that all the hydrogen is converted to water, 95% of 
the C burning to CO, and the rest to CO, will serve as an 
illustration.! 

Since the composition of the oil is given on a weight basis and 
the gas analysis will be on a molal basis, it is best to convert the 
analysis of the oil to a molal basis. Consider 100 lb. of the oil 
and find the number of atoms or mols of each constituent. 


84.6/12 = 7.05 atoms C 
10.90/2.02 = 5.40 mols He 
2.87/16 = 0.18 atom O 


The 0.18 atom of O is equivalent to an equal number of mols 
uf He. Hence the oil contains 5.40 — 0.18 = 5.22 mols of net 
He, requiring 2.61 mols of O2 for combustion. With 20% 
excess air, the O»2 used is (7.05 + 2.61) 1.2 = 11.59 mols and 
the corresponding Ne, 11.59(79/21) = 43.6 mols. The actual 
excess O» is 20% of (7.05 + 2.61), or 1.93 mols, and the total is 
this number plus that unused by the carbon due to its burning 
only to CO. This latter is 0.05(7.05)/2 = 0.18 mol, giving a 
total O2 of 2.11.mols. The results may now be arranged as 
previously, leaving out the water vapor formed. 

1 Ash, nitrogen or other elements present are here neglected. 


. 
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Mols Ereciion of Per cent 
total 
(COT OLDE <e a0 Di 5 ere ee 6.70 6.70/52.76 WAITS 
CORO S eX ehObi= sh icc Boas nee Oss 0735/52576 0.6 
Oz: 1.93 + 0.18 = Del: 2.11/52.76 4.0 
Nine clic ais Ale eae a 43.6 43 .6/52.76 82.7 
otal este ares ees Pi Wy ee ke EP. VAS wet ha she es Conca 100.0 


These illustrations show how, for any given fuel, the gas 
analysis is definitely determined by combustion under fixed condi- 
tions. It follows that, for a given fuel to yield a gas having a 
known composition, the combustion taking place must be of a 
definite character. It is now necessary to attack the problem 
most frequently met in combustion calculations, that of deter- 
mining the character of the combustion from the analyses of fuel 
and combustion products. 

The purpose of the following illustrations is to show the 
possibility and method of computing net hydrogen burnt from 
oxygen disappearance in the flue gas analysis. Mathematically, 
the reasoning is equivalent to setting up a nitrogen balance, 
equating the nitrogen in the flue gas to that in the air employed 
and using this equation to solve for the total oxygen which went 
into the flue gas from the air. This is followed by an oxygen 
balance, solving for the otherwise unknown amount of oxygen 
going to burn hydrogen to form water. 

Significance of Flue-gas Analysis: Illustration 1.—The flue 
gas from a certain furnace burning a fuel of negligible nitrogen 
content is found by analysis to contain 12% COs, 7.5% Oz and 
80.5% Ne. What conclusions can be drawn from these figures? 

Take as a basis for computation 100 mols of this gas as 
analyzed. As appears from the subjoined table, the analysis 
shows the presence of 19.5 mols of O2. The nitrogen came, 
however, from the air used for combustion and hence brought 
with it 21.4 mols of Os. Oxygen has, therefore, disappeared from 
the gas as analyzed and this disappearance of 1.9 mols of O. must 
be caused by and correspond to the combustion of the net hydro- 
gen in the fuel. The hydrogen burnt is, therefore, 3.8 mols. 
The water formed by this combustion, together with any other 
which may have been present, was condensed before and during 
the analysis. 
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Component Mols Mols O2 

COss diane ckot coe eee 12.0 12.0 
Omnia ne aie s peace sere Teoh Uo 
Nis hel erate eee peer 80.5 

otal wens eL OOO 19.5 O2 accounted for 

“80.5(21/79) = | 21.4 O» from air 

Os» unaccounted for by analysis =.......... 1.9 O disappearance 
Pee Lib urnt) toy bis Oss (yO) = ee ert 3.8 H.O from combustion 


This 100 mols of dry gas contains 12 atoms, or 144 lb., of C, 
which came from the fuel and rege seca the carbon burnt, 
though it does not include any carbon left as unburnt combustible 
mixed with the ash or elsewhere. This carbon burnt was accom- 
- panied by 3.8 mols, or 7.65 lb., of net hydrogen in the fuel. 
Hence, for each pound of carbon burnt, the dry flue gas was 
100/144, or 0.695 mol, or 249.4 cu. ft. under standard conditions. 
Furthermore, except for water in the air or fuel used, the total 
flue gas was 103.8/144 = 0.722 mol, or, at standard conditions, 
259 cu. ft. per pound of carbon burnt. 

Since the O2 used for combustion was 12.0 + 1.9 = 13.9 mols, 
while an excess of 7.5 was present, the per cent excess oxygen is 
(7.5/13.9)100 = 54%. This is, of course, identical with per 
cent excess air. This figure, however, makes no allowance for 
unburnt combustible, if present. 

It is worth noting that all this information is secured from 
the flue-gas analysis and nothing else. It is unnecessary to know 
whether the fuel is solid, liquid or gaseous—merely that it is 
nitrogen-free. 

One of the most serious sources of heat loss in many furnace 
operations is the sensible heat in the stack gases, caused by the 
difficulty and expense of cooling these to low temperatures. 
Such losses are obviously dependent upon the amount of the 
gases. Direct measurement of these is almost always impossible 
and their amount is determined by making a flue-gas analysis 
such as the above, computing therefrom, by the method just 
shown, the quantity of gas per pound of carbon burnt, and 
finding the total quantity of gas by multiplying by the fuel burnt 
times its known carbon content, the fuel being measured directly, 


FUELS AND COMBUSTION 19 


Because this is the normal method of measurement and control 
of heat losses up the stack, it is important to master the technique 
of calculation. The principle remains unchanged, but certain 
minor modifications are frequently met which will be explained 
in the illustrations. Of these, the first is due to incomplete 
oxidation of carbon to COs, the second involves correction for 
water from various sources, the third allows for nitrogen in the 
fuel, the fourth for sulfur and the fifth for unburnt combustible 
left in the ashes and furnace refuse. Others less important will 
be merely mentioned. Furthermore, to solve these problems the 
results of the flue-gas analysis must be tied in with the data on 
the fuel. All.but the first of the points mentioned will be dis- 
cussed only in connection with this last step. 

Illustration 2.—Take the case of a flue gas containing 11.3% 
COz, 1.2% CO, 7.7% Oz and 79.8% Ne to illustrate incomplete 
oxidation in the combustion gases themselves. Tabulate these 
figures as before: 


Basis.—100 mols of gas as analyzed. 


Component | Mols | Atoms c| Mols O2 

CO. ial Mh 3 its} 

(CLO Geet. Se Aen ir eae 12 1A, 0.6 

Onno ce eb SOL i eee ae (eis Ta 

IN ss ES Gis oc oe rR 79.8 

RO GA Btres tray ety tytyee sos 100.0 12.5 19.6 O2 accounted for 

TESS CAU HD) ioe goss te Coe eA 21.21 O» from air 

O. unaccounted for by analysis =............] 1.61 O» disappearance 

PE Cheto OUImi tOuLlsO) 121,60) ners en oe 3.22 HO from combus- 
tion 


It should be noted that the total carbon, the only significant 
thing in a carbon balance such as will be used, comes from two 
components instead of one as before, while oxygen appears in 
three rather than two. 

On this basis, the carbon burnt is 12.5(12) = 150 1b. Hence, 
the dry flue gas per pound of carbon burnt is 0.667 mol, or 239.3 
cu. ft. under standard conditions. 
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Per Cent Excess Air.—In computing excess air it must be 
remembered that the combustion reactions did not complete 
themselves, some unburnt CO remaining. Hence, some of the 
oxygen present as such is not actually in excess of that required 
for perfect combustion of the fuel burnt. The term “excess 
air” is defined as the amount of air used above that theoretically 
needed for complete combustion (7.e., to burn carbon and hydro- 
gen, or compounds of the two, to carbon dioxide and water). 
The per cent excess air is the ratio of the excess to the theoretical 
amount, multiplied by 100. It is most conveniently interpreted 
in terms of ‘“oxygen”’ instead of “‘air.”” Normally, the flue-gas 
analysis furnishes the only data from which it may be calculated. 

The oxygen present in the flue gas (7.7 mols) is not the true 
excess, since, by definition, complete combustion of carbon to COz 
is required. This oxygen must be diminished by 0.6 mol, which 
is the amount required to burn the CO present to COz. The 
oxygen necessary for combustion is 12.5 mols for the carbon and 
1.61 mols for the hydrogen, and the total oxygen used is 21.21 
mols. The per cent excess air (or oxygen) may be found in 
several different ways: 


Unnecessary ve OOGET) 
al — Unnecessary 21.21 — 7.1 


Unnecessary _ _100(7.1) 
ee Necessary 12.54 1.61 — AUS 


Total — Necessary _ 100(21.21 — 14.11) 
(00) Necessary re 14.11 =)90.3°7o. 


(100) mo = 50.3%. 


It will be noted that these are not independent methods, but 
merely various arrangements of the same data. 

Interrelations of Flue-gas and Fuel Analyses: Illustration see 
A furnace burns a coke containing, as fired, 3.5% moisture and 
14.5% ash. The moisture content of the air is negligible. The 
flue gases from this furnace contain 16.3% by volume of COs, 
0.4% CO, 4.3% Os and, by difference, 79.0% Ne. Combustible 
matter left in the ash is negligible. What is the quantity of air 
and of flue gas per pound of coke fired? 

{t is a mistake to start by trying to compute directly the 
quantities desired, but the flue-gas data should first be tabulated 
and analyzed erate as in the preceding cases. 


’ 
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Basis.—100 mols of dry flue gas. 


Component Mols | Atoms C Mols O» 
COs. 16538 16.3 16.3 
CLO ised tS Rene ee Cie A aa ae 0.4 0.4 0.2 
Obie octet 4.3 4.3 
Nips 3.6 chats diene ee eee oe 79.0 : 
AON Ws 3s Sr copies pear ae aaa 100.0 16.7 | 20.8 O» accounted for 
OCT ees a ee 21.0 O2 from air 


0.2 O» disappearance 
.. net H. burnt = 2(0.2) = 0.4 = H.O from combustion 
Pounds C burnt = 16.7(12) = 200.4 lb. 
Pounds H: burnt = 0.4(2) ==) 10:8 Ib: 


Total weight of net combustible burnt = 201.2 lb. 


The analysis of the coke shows that the combustible in it is 
82.0% of the total, since 18.0% is the combined percentage of 
water and ash. This combustible is composed of carbon and 
hydrogen, since the combined oxygen has been driven out in the 
coking operation. The flue-gas analysis shows, however, that 
the weight ratio of C:H in the combustible is 200.4:0.8 or the 
fraction of H in it is 0.8:201.2. Therefore, the hydrogen 
in the coke, obtained from the proportion, 0.8:201.2::2:82.0, is 
82.0(0:8/201.2) = 0.33% and the carbon ‘1s 82.0 —'0.33: = 
81.67%. The fuel analysis can now be tabulated as follows: 


Basis.—100 lb. of coke as fired. 


Component | Pounds Mols or atoms 
INTOISGULOMN aE Tec eke estore een, ae | Ae, | 3.5 0.195 
(Ceol oie ccomctak ae oles chica 81.67 6.82 
TBles., dis de Ck ee EO eee Ores 0.16 
INGLE a alos IEE oD Oe OU ne 14.5 
TRCRHEN Lat ee Hey Rana SO) A ee es 100.0 


These two tabulations make it possible to compute the quantities 
required. 

1. Cubic feet of air used per pound of coke fired. Itis obvious 
that carbon connects the flue-gas analysis with that of the 
fuel, while nitrogen connects the flue-gas analysis with the air 
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employed. However, the easiest way of carrying out the carbon 
and nitrogen balances involved is by the use of ratios. Thus, . 
the flue-gas data show that in it the ratio between nitrogen and 
carbon is 79.0:16.7. If, therefore, the atoms of carbon per pound 
of fuel, 0.0682, be multiplied by this ratio, the nitrogen per pound 
of fuel is obtained. Since, however, this nitrogen all came from 
the air, and since this air contains 79% of No, the mols of air 
can be obtained by multiplying by 100/79. This figure can, of 
course, be converted to cubic feet under standard conditions 
by multiplying by the pound-molal volume. These operations 
are most readily carried out and the individual steps visualized 
as follows: 


Atoms C | Mols N2 | Mols air | 
0.0682 79.0 100 eee 1465 foie 
fata Sieg re = .5 cu. ft. air at S. C. 


It is merely fortuitous that the nitrogen content of this flue 
gas is identical with that of air, so that the quantity 79 appears 
in both the numerator and the denominator. 

2. Cubic feet of flue gas per pound of coke fired. By a line of 
reasoning entirely analogous to that of the preceding paragraphs, 
it is seen that the dry flue gas per pound of coke is obtained by 
multiplying the atoms of carbon per pound of fuel by the ratio of 
flue gas to carbon in it, 100: 16.7, giving 0.408 mol. On the 
other hand, the flue gas contains water vapor from two sources, 
partly from combustion of the net hydrogen and partly from the 
moisture in the fuel. On the basis of 100 mols of dry flue gas, 
the water from the net hydrogen has already been computed as 
0.4 mol. The water in the fuel must, however, be obtained by a 
carbon balance, because carbon is the thing which ties flue gas 
and fuel together. As before, the easiest way to set up such a 
carbon balance is to use a ratio. Inspection of the fuel analysis 
shows that it contains water and carbon in the ratio 0.195: 6.82. 
If, therefore, the carbon content of the flue gas, 16.7, be multiplied 
by this ratio, the water in the flue gas coming from the moisture 
in the fuel, 0.48 mol, is obtained. This makes the total water 
content of the flue gas 0.9 mol. The total amount of flue gas 
per pound of coke is, therefore 


Atoms CG 
0.0682 


Mols wet gas 
100.9 


16.7 


359 


= 148 cu. ft. at 8. C, 
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This volume must, of course, be corrected for temperature and 
pressure. 

In this case, the tabulation on the basis of 100 Ib. of coke can 
be avoided. Returning to the tabulation on a flue-gas basis, 
it is seen that the net combustible per 100 mols of dry flue gas is 
201.2 lb. Since the fuel contains 82% of such combustible, the 
coke burnt per 100 mols of dry flue gas must be 201.2/0.82 = 
245.2 Ib. Its water content is 0.035(245.2) = 8.57 Ib. = 0.48 
mol. Thisis another method of obtaining this figure. 

Heat Losses in Stack Gases: Illustration 4.— Using the data of 
the previous problem, find the amount of sensible heat in the hot 
stack gases per pound of coke burnt. These gases leave the 
furnace at a temperature of 560°F. The coke and air used for 
combustion are at 50°F. ° 

The heat loss is most easily found by multiplying the number of 
mols of each of the gases, CO2, CO, Oo, No and H;0, by the differ- 
ence in their respective molal heat contents at 560°F. and 50°F. 
since, to recover all the available heat, the products of combus- 
tion must be cooled from the former temperature to the latter. 
The values are read from Fig. 2 (p. 6), the diatomic gases being 
grouped together for this purpose, since their molal heat contents 
are identical. Retabulation of the gas analysis and incorporation 
of the heat values give the following table of data: 


Basis.—100 mols of dry gas. 


Heat content, B.t.u. es Total 
Gas Mols loss, 
atseor| at sorr, | Bet 185 | Baw. 
per mol 
CO:. 16.3 5,100 160 4,940 80 , 500 
CLO a aan See 0.4 
Oot ce ae Genet 4.3 | 3,650 120 3,530 | 295,500 
IN gedasaaonenne a ceoee (920) 
1B O sic ee Oreos 0.9 4,500 150 4,350 3,900 
elites. cs abet: | OOO Kp aeecy. rg cid, Sexe 379 , 900 


The first of these four additional columns gives the heat 
contents, at 560°F., of the gases shown in the first column of the 
table. The second column gives the heat contents at 50°F., 
the third the difference between the first two, or the heat loss per 
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mol of the gas in question. The fourth column is the product of 
this difference and the number of mols of the gas shown in the 
second column of the table. The result shows that 379,900 B.t.u. 
is the sensible heat retained by 100 mols of dry or 100.9 mols of 
total flue gas, 7.e., by the total gas corresponding to 16.7 atoms 
of C burnt. Using this ratio, the heat loss per pound of coke 
fired is 0.0682(379,900/16.7) = 1,550 B.t.u. 

Unburnt Combustible.—In the previous illustrations the fuel 
was assumed to be completely gasified by combustion, an assump- 
tion usually justified when oil and fuel gases are under consider- 
ation and often when solids are the combustible material. This 
assumption may, however, lead to serious error in the case of the 
latter, because the furnace ashes often contain a considerable 
amount of combustible matter. Since the mineral constituents 
of the fuel are known chemically as ash, it is common practice to 
designate the ashes removed from the furnace as “‘refuse,’’ which 
may include varying amounts of unburnt combustible matter. 
This latter is generally one of two kinds, depending upon the 
type of grate and the method of firing employed. With some 
grates and coals the finer particles of fuel fall through before any 
appreciable heating has taken place, but the refuse is otherwise 
well burnt out. Here the combustible matter in the refuse is of 
the same composition as the original fuel. With other types, all 
the fuel is thoroughly coked before any can escape into the ash 
pit, so that any unburnt combustible is essentially carbon. 
From the character of the grate and coal and an examination of 
the refuse it is usually possible to decide to which class the case » 
belongs. There are, of course, gradations between these two 
extremes and, if the amount of unburnt matter in the ashes 
appears large enough to affect the combustion calculations, a 
complete analysis should be made. 

Illustration 5.—If a coal with a heating value of 14,350 B.t.u. 
per pound contains 37.0% volatile matter, 40.5% fixed carbon 
and 8.9% ash and the refuse left after combustion contains 7.4% 
volatile matter, 8.25% fixed carbon and the rest ash, it can be 
seen by inspection that this is a case of unburnt coal actually 
falling through the grate, since the ratio of fixed carbon to volatile 
matter in the fuel, 40.5/37.0 = 1.094, is practically the same as 
the ratio, 8.25/7.4 = 1.114, in the refuse. The ash in the original 
fuel passes through the grate unchanged and can be used as the 
basis for any comparison. The ratio, pounds of combustible 
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per pound of ash, in the fuel is (37.0 + 40.5)/8.9 = 8.71, whereas 
in the refuse it is (7.4 + 8.25)/(100 — 7.4 — 8.25) = 0.186. 
Consequently, the ratio of the amount left to the total amount, 
0.186/8.71 = 0.021, represents that fraction of the coal not burnt 
and therefore the fraction of the heating value lost due to this 
cause. 

Suppose, however, the same coal be burnt under conditions 
such that analysis of the dry refuse shows 0.4% volatile matter 
and 15.6% fixed carbon. Here it is apparent that the fuel has 
been thoroughly coked but the coke incompletely burnt.! Since 
in the process of coking, the fuel has lost some of its combustible 
and its corresponding heating value, a direct comparison cannot 
be made as above. However, the heating value of the carbon in 
the refuse may be found as follows: 


Basis.—1 lb. coal. 


Pounds 
Pounds} Cin |} Atoms'| C.h.m 
ash refuse Cc available 
0s? “ 5 Ji SLA sea seen 247 B.t.u. loss per pound coal 


The loss in the heating value is, therefore, (247/14,350) 100 = 
1:72%. 

Illustration 6.—A coal contains 4% moisture, 23% volatile 
matter, 64% fixed carbon and 9% ash and has a heating value of 
14,100 B.t.u. per pound. Determination of the carbon in the 
coal shows it to be 79%. The refuse removed from the ash pit 
of a grate-fired furnace using this coal contains 62% moisture 
(due to wetting down of the ashes by the hose to lay dust), 3% 
volatile combustible matter, 11% fixed carbon and 24% ash. 
Estimate the per cent of the heating value of this coal lost in the 
furnace as unburnt combustible and the per cent of carbon fired 
which remains in the refuse. 

Solution—The combustible matter in the refuse is not wholly 
coked fuel, as is evidenced by the presence of considerable volatile 
matter in it, neither is it wholly uncoked coal, since the ratio of 
fixed carbon to volatile in the fuel, 64/23 = 2.78, is not the same 
as that, 11/3 = 3.67, obtained from the refuse. It is fair to 
assume that some wholly unburnt coal has dropped through the 
grate, the amount of this being measured by the volatile matter in 

1Even pure carbon shows a trace of volatile matter as the analysis is 
carried out, 
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the refuse, and that additional coal, coked completely in passing 
over the grate, has not had all the carbon burnt out of it. These 
are reasonable assumptions, since in the actual coking process 
there is little loss of volatile matter until a certain temperature is 
reached, but when decomposition starts it is completed in a 
relatively narrow temperature range without much further heat 
supply and, on a furnace grate, in.a relatively short time. 

The volatile combustible matter in the refuse is, obviously, a 
measure of and proportional to the uncoked coal. Therefore the 
loss in heating value due to uncoked coal is estimated as follows: 


Basis.—1 |b. coal as fired. 


Pounds 
Pounds] volatile 
ash in 
refuse 
Cae) aba DULY Po 0.049 lb. uncoked coal in refuse 
24 23 


with a corresponding loss in heating value of (0.049)14,100 = 690 
B.t.u. 

The total fixed carbon in the refuse is made up of that due to 
uncoked coal as well as that from the coke present. The former, 
expressed per 100 lb. of refuse, is 3 X 64/23 = 8.35, whereas— 
the total being 11—the difference, 2.65, is that corresponding to 
the coke present. That is, the pounds of carbon in the refuse are 
0.09(2.65/24) = 0.0099 per pound of coal and the corresponding 
heating value is (0.0099/12)(97,000)1.8 = 145 B.t.u. Therefore, 
the total per cent loss is (690 + 145)(100)/14,100 = 5.92%. 

In these computations the presence of moisture in the refuse 
introduces no complications, since ratios alone are used to 
transform from one basis to another. 

If there is 0.049 Ib. of uncoked coal in the refuse, there is 
0.049(0.79) = 0.0387 Ib. of carbon in it. The total carbon un- 
burnt is 0.0387 + 0.0099 = 0.0486 lb., or 100(0.0486/0.79) = 
6.15% of the carbon in the coal. 

Illustration 7.—In order to make inert gas (which for the 
purpose in hand must contain not over 4% Oz), a plant intends to 
burn in a special furnace its regular boiler coal. This contains 
4.2% moisture and, on the dry basis, 79.90% C, 4.85% H, 
0.69% S, 1.26% N, 7.60% O and 5.7% ash. Before being used, 
the gas must be cooled to 30°C. Air for the combustion is at an 


¢ 
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average temperature of 80°F., and an average relative humidity 
of 50%; 1,200 cu. ft. of cooled gas must be furnished per minute. 
Assume the carbon in the fuel to be completely burnt. 

1. How many pounds of coal per hour must be burnt to furnish 
the gas? 

2. How many gallons of water will be condensed out of the gas 
and removed in the cooler per hour? 

Solution.—The only condition given for the gas analysis is 
that it shall contain not more than 4% Os. It will be assumed 
that the gas contains the maximum per cent of oxygen allowable, 
but that this per cent will be that ordinarily determined, 7.e., 
of the dry gas. Since the gas will contain water vapor from both 
the air and the coal, the true percentage will be somewhat less 
than 4%. This, of course, will be on the safe side. It will 
further be assumed that all the carbon in the coal burns to CO»; 
there is no CO formation. As usual, sulfur and nitrogen in the 
coal will be neglected in the calculations. However, in order to 
tie up the amount of coal and the quantity of air used with the 
amount of gas to be produced, more information than that given 
concerning the gas analysis must be at hand. Accordingly, the 
gas analysis will be calculated. 


Basis.—100 lb. of dry coal. 


Pounds Mols or atoms! Op» required 
(ORE 79.9 6.66 6.66 
15 UGiregicacde Stree ae eae 4.85 2.40 
(Doc tcca a eee Oa Mekiteaee 7.60 0.24 
INIGTEALS hess eee ge ai cae 2.40 — 0.48 = 1.92 0.96 
4 Wen eal ls Je Cie crek o GaoTeRSISES (ae Ree oreo eR) Aa Pea tee ne ce 7.62 


1 When a column in one of these tables is headed ‘‘Mols or atoms’’ the symbol of the 
element in the left-hand column tells which it is. Thus, if the symbols C, H, O, ete. ap- 
pear, the figures represent atoms but if they read Hz», O», etc. the values are in mols. 


Let x be the number of mols of O2 used in excess. The dry gas is 
to have in it only COs, O2 and Ne and the amounts of these will 
De: 


Gas Mors 

COs mea ciiramte kesh Mae sie 6.66 

O, SASS OO OOO a DloccD hoi reoe on mare x 

Noman crete Cusie eoe eee a (7.62 + x)(79/21) 


Ota ire caste a ats haga 6.66 + 2 + (7.62 + x) (79/21) 
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The requirement is that the volume (or mol) per cent of O2 
must be 4.0. Hence, 

1002 Me, 

6.66. + « + (7.62 + x)(79/21) 


whence x = 1.74mols. This gives the gas analysis: 


0, 


Gas Mols Per cent 
COV RAR Ae Aen, Phere See 6.66 15a 
Os Sel cota Ruck she eet tea heey Wee eine eye? 4.0 
INP Rian ae aera ON Ata Une Ry RunpT ney ee 35.10 80.7 
FROG Mott ven yehoaetase ee erect emeereaee 43 .50 100.0 


1. Pounds of coal burnt per hour. The gas analysis now known, 
its carbon content can be used in a “carbon balance”’ between the 
gas and coal to calculate the amount of the latter. The gas is 
certainly saturated with water vapor at 30°C. (p = 31.5 mm.), 
the excess water being condensed out in the cooler. It will be 
shown under paragraph 2 that this is so. 


Basis.—1 hr. 
Pounds 
Cubic feet | Dry | At Atoms | dry 
gas gas |S. C.} Mols Cc coal 
(1,200) (60) 1728.5] 273 15.3 | 100 | 100 


760 | 303 | 359 100 6.66 |95.8 


2. Gallons of water condensed per hour. The amount of water 
condensed out of the gas is the difference between the water 
content of the gas entering and that leaving the cooler. 
Water in the gas comes from two sources: that in the air used for 
combustion, and that in the coal burnt. The vapor pressure of 
water at 80°F. is 1.03 in., and if the air used is 50% saturated, 
the pressure of the water vapor in it is 0.52 in. The dry air 
pressure is 29.40 in. if normal barometric pressure is assumed. 
The molal ratio of water to dry air is 0.52: 29.40. Therefore, in 
the air there will be 


Mols 
Cubic feet | Dry | At | flue | Mols | Mols 
gas gas |S. C.] gas N2 air 
(1,200) (60) |728 .5/ 273 80.7 | 100 10.52 


“760 | 303 | 359 | 100 |~79 129.40] = 3-18 mols H20 
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From the moisture alone in the coal, the water is 
415 X 0.042/18 = 0.97 mol H.O. 


Water is also produced from the hydrogen in the coal; 100 lb. 
of dry coal contain 2.40 mols of total Hz, which upon combustion 
give 2.40 mols H,0. 


Pounds | Pounds 


coal dry 
per hr. coal 
415 95.8 |2.40 
100 0. 9.55 mols H,O from hydrogen in the coal 


This gives a total of 3.13 + 0.97 + 9.55 = 13.65 mols of water 
contained in the gas going to the cooler per hour. 
If the gas is saturated at 30°C., the water in it amounts to 


Cubic feet | At 

gas Dae 
(1,200) (60)| 273 31.5 
303 | 359 | 760 


= 7.50 mols H2O per hour 


As this is less than the quantity entering, it is saturated when 
leaving, and water must have condensed out to the extent of 
13.65 — 7.50 = 6.15 mols. As there are 8.33 lb. of water to a 
gallon, 


6.15(18) /8.33 = 13.3 gal. of H2O condensed per hour. 


Illustration 8.—At one stage in the burning of an oil-fired kiln, 
the kiln gases issue at 1250°F., and contain 11.6% CO: and 6.0% 
O.. The analysis of the oil may be taken as 84.6% C, 10.90% 
H, 1.63% S and 2.87% O, and the specific gravity is 0.924. At 
this stage of the process: 

1. What is the per cent excess air used in burning the oil? 

2. How many cubic feet of air at 75°F. are used per gallon of 
oil? 

3. How many cubic feet of kiln gas are formed per galion of 
oil? 

4. What is the dew point of the kiln gas? 
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Solution. Basis.—100 mols of dry kiln gas. 


Gas | Mols [Atoms C Mols O2 
COS are cnn a ee ree i pea) 1 ea Beso i Lae 
Oi od FLAG EAR) DAES pra NAL 6.0 oe 6.0 
No (by difference)......... 82.4 
DOcele eth ie Seale eae 100.0 11.6 17.6 Os accounted for 
SACO EO) ea eee os ee A os re er ee gea 21.9 O, from air 
4.3 O» disappearance 


.. He burnt = 2(4.3) = 8.6 = H.O from combustion. 
Basis.—100 |b. oil. 


Pounds Mols or atoms 
LONG SET eS eae eae. 8 Neer hs ee 84.60 T05 
5 os ely oat ate ee Rae et Bag 10.90 5.40 
(GC) ae Rec ie a rene a 2.87 0.09 
NietMER cancer evi, tos. ee te 5.40 — 0.18 = Se22 


1. Per cent excess air. 
100(6.0)/(21.9 — 6.0) = 37.7% excess air. 
2. Cubic feet of air at 75°F. used per gallon of oil. 
1 gal. oil = 8.33(0.924) = 7.69 lb. 


Cubic 

Pounds | Atoms | Mols | Mols | feet 

oil Cc No airy |. 6. 
7.69 7.05 82.4 | 100 359 535 ~ 1900 “ ¢ 
100 | 11.61 79 TCS eatin nee 


3. Cubic feet kiln gas per gallon of oil. 
Pounds | Atoms 


oil C 
109, || SFO05) LOOM eee ee 
aon i116 47 4:67 mols dry gas 
G69(5:40) 100) eee 0.42 mols total moisture 
Total gas per gallon = . .. 5.09 mols 


5.09(359) (1,710/492) = 6,350 cu. ft. at 1,250°F. 
4. Dew point of.the kiln gas. 
(0.42/5.09)29.92 = 2.46 in. = pressure of water vapor in gas. 
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The temperature at which water has this vapor pressure is 
108°F., which is the dew point of the gas. . 

Illustration 9.—The average Orsat analysis of the gas from a 
furnace burning fuel oil is 12.9% COs, 3.8% Os and 83.3% Nao. 
Assuming the oil to consist only of hydrocarbons, calculate the 
weight per cent of carbon in the oil. 


Basis.—100 mols dry gas. 


Gas | Mols | AtomsC | Mols O» 
CO2. 1229 12.9 12.9 
<Oan AS sae aE ee tat 3.8 3.8 
iNiss6, 5 Pte a A 83.3 
“TRCOS ET Nc. 39 ee ene ee ee 100.0 12.9 16.7 O» accounted for 
SCZ EHO,) uk). Beet beh ae CE ins 22.15 O2 from air 


5.45 O» disappearance 


Net H. burnt = (5.45)2 = 10.9 mols = . 22 lb. 
Crotrnth (2/9) p= sees eae tert oe ans 155 lb. 


otalscombustio ler cee sachet tials 
(155/177)100 = 871,05,-C-invoil: 


Illustration 10.—A carbureted water gas has the following 
composition: C2H., 16.6%; CH4, 19.8%; He, 32.1%; CO, 26.1%; 
COs, 3.0%; and No, 2.4%. Upon combustion the flue gases are 
found to contain CO, 12.2%; CO, 0.4%; Os, 4.0%; and Ne, 
83.4%. From these two analyses, compute: 

1. The cubic feet of air per cubic foot of gas fired, both 
measured at 70°F. and 28.5 in. pressure. 

2. The cubic feet of flue gas per cubic foot of fuel fired, the 
flue gas being at 680°F., and at a pressure lower by 0.95 in. of 
water than that of the water gas. 

Solution.—There are two factors of interest in calculations 
concerning the combustion of gaseous fuels. In the first place, 
the analysis of the fuel is already on a molal basis. In the 
second place, the ratios, (cubic feet of air used) /(cubic feet of fuel 
used) and (mols of air used)/(mols of fuel used), are equal, as 
are also the ratios, (cubic feet of gas produced) /(cubic feet of fuel 
used) and (mols of gas produced)/(mols of fuel used), provided 
the volumes are measured under identical conditions of temper- 
ature and pressure. If at different temperatures or pressures, a 
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simple temperature or pressure ratio gives the cubic feet from the 
molal ratio. 


Basis.—100 mols water gas. 


Gas Mols Atoms C | Mols Hz | Mols O2 

(Oil Pa eeteueen en Am Seen hoe, b 16.6 poe Bone 
CED Ce ee iay oe ie 19.8 19.8 39.6 
gee Sg ee ee NE ee 32m pie BP) al 
(OS ate ee Alen ie te ear eee ee 2000 2G al, oe eee 1330 
(OG ieee Uy er ca ates tet Consene 7 3.0 Sein Pal hi aes 3.0 
Nise i ee aie eg Oo, et gee 2.4 { 

(Poteet en ease 100.0 S201 104.9 16.0 


Total HO from combustion = 104.9 mols. 


Basis.—100 mols dry flue gas. 


Gas Mols | Atoms C | Mols O2 
COxe 1232 1 AR Nie, 
COR are cp Aer eae 0.4 0.4 On? 
CO a, Gofeee abe pcen atari teds cick, eer 4.0 4.0 
INDE Rake eis fe ten nectar Rare 83.4 
TO Gal Seine over Mice ene See 100.0 12.6 16.4 


1. The cubic feet of air per cubic foot of gas fired. 


Basis.—1 mol fuel gas. 


Mol Atoms N, 
water from 
gas air 


i |.82 ba 288 4a) tho 
[100 [12.6 | 79 


Note.—N» in water gas is neglected. 


= 6.87 mols of air per mol of water gas 


The air and water gas being at the same temperature and 
pressure, 6.87 is also the cubic feet of air per cubic foot of water 
gas. 

2. Cubic feet of flue gas per cubic foot of water gas. From a 
carbon ratio: 


(82.1/12.6) = 6.52 mols dry flue gas 
1.05 mols water vapor 
Total flue gas = 7.57 mols per mol fuel 
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As the flue gas is at a higher temperature (680°F. = 1,140°R.?) 
than the fuel (70°F. = 530°R.), the cubic foot ratio is greater 
than 7.57 and is found by multiplying the molal ratio by the 
temperature ratio. Likewise, the flue gas is at a lower pressure, 
causing its volume to be greater also on this account. Since 
0.95 in. of water equals 0.07 in. of Hg, the ratio to be used is 
28.5/(28.5 — 0.07) = 28.5/28.43. ~ Hence, 


7.57 (1,140/530)(28.5/28.43) = 16.3 cu. ft. flue gas. 


Effect of Neglecting Nitrogen.—lIn the above calculations the 
nitrogen in the fuel was neglected and it will be shown that this 
method is justified, since by so doing the final results are not 
affected within the precision of the data. 

For example, in Illustration 7, the coal contained 1.26% No, 
or 1.26/28 = 0.045 mol per 100 lb. of coal. For the conditions 
of combustion there given, 35.10 mols N» were used per 100 lb. 
of coal. The effect of 0.045 mol Ne in the coal on 35.10 mols in 
the flue gas is negligible. 

Similarly, in the case of certain gaseous fuels, as, for example, 
the water gas given in Illustration 10, a small amount of nitrogen 
may be neglected in the calculations. The analysis of the water 
gas showed it to contain 2.4% Ne by volume. On the basis of 
1 mol of gas fired, the dry flue gas was computed as 6.52 mols. 
Of this, 83.4%, or 5.44 mols, is nitrogen. In this case, also, 
0.024 mol from the fuel may perhaps be neglected in comparison, 
since it is less than half of 1%. However, the ersor is much 
larger than is usual for solid fuels. 

With some fuels the nitrogen content is so high that the above 
method cannot be followed. This is well illustrated in the com- 
bustion of producer gas in the problem below, in which case the 
nitrogen from the fuel forms about 22% of the total nitrogen 
present in the products of combustion. 

Illustration 11.—A producer gas contains 9.2% COs, 0.4% 
CeH., 20.9% CO, 15.6% He, 1.9% CH4 and 52.0% No. When 
burnt, the products of combustion are found to contain 10.8% 
CO:, 0.4% CO, 9.2% O2 and 79.6% Ne. Compute: 

1. The cubic feet of air used in the combustion of one cubic 
foot of producer gas, both being at the same temperature and 
pressure. 

2. The per cent excess air used in combustion. 


1°R, means degrees Rankine, 7.e., degrees Fahrenheit absolute, 


34 INDUSTRIAL STOICHIOMETRY 


3. The per cent of the nitrogen in the products of combustion 
which came from the producer gas. 


Basis.—100 mols producer gas. 


Gas | Mols | Atoms C | Mols Hz |} Mols O2 
CO hance ak etichn oe 9.2 9.2 9:2 
OE ets elite tates veers oka a ae 0.4 0.8 0.8 
WOM eee: hintaes sateteane inane 20.9 20.9 sae 10.45 
Ee, cars ite weteecnone ivi eee eek ilissens: 15.6 
(OWS Beside BACare ear wees lea cit 1A 1.9 3.8 
INixtaranie tate sk teat eo ue amnieee 52.0 
UDoN aN lia eae eee oe Sere ||| on OO ratd, 32.8 20.2 19.65 
Basis.—100 mols dry combustion gas. 
Gas Mols Atoms C | Mols O2 |. Mols N2 
CORE kee tnt. Sniketreee art 10.8 10.8 10.8 
(20) eee ate ae ine snob eee 0.4 0.4 0.2 
OR Ee te Ol eae 9.2 9.2 
IN Se Re Net Satis deter acer 79.6 79.6 
Mo talline oat tier gk ta ee 100.0 ii 20.2 79.6 


The nitrogen in the combustion gas evidently comes from two 
sources, the producer gas and the air. On the other hand, the 
carbon in this gas was present originally in the producer gas 
only. From the analysis of the latter the nitrogen: carbon ratio 
in it (52.0/32.8) is obtained, and this ratio multiplied by the 
carbon in the combustion gas (11.2 atoms) gives immediately 
the quantity of nitrogen (17.75 mols) from the producer gas. 
Subtracting this quantity from the total nitrogen present leaves 
as a residue 61.85 mols of atmospheric nitrogen. The oxygen 
associated with the latter is 61.85(21/79) = 16.4 mols O»2 from 
the air. The excess oxygen (allowing for the 0.4 mol CO present) 
is 9.2 — 0.2 = 9.0 mols Oy: excess. 

The principle employed in this step should be studied carefully, 
because, as will later appear, it is frequently helpful in simplifying 
computations. In burning a fuel rich in nitrogen, the nitrogen 
in the flue gas is not a direct measure of the air employed for 
combustion, because a part of it comes from the fuel. On the 
other hand, it is possible, as shown above, to earmark and set 
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aside the nitrogen from the fuel, the remainder coming from the 
air alone and being treated accordingly. The method of ear- 
marking one or more portions of a constituent will be referred to 
repeatedly in later chapters. 

1. Cubic feet of air used per cubic foot of producer gas. 


Basis.—1 mol fuel. 


Mols | Atoms Na 
from 


fuel Cc ; 
air 
it 32.8 | 61.85 | 100 
100 11.2 79 


This is equal to the cubic feet of air per cubic foot of producer gas, 
provided both are at the same temperature and pressure. 
2. Per cent excess air. 
100(9.0) 
(16.4 — 9.0) 


3. Per cent of nitrogen in the combustion gas which came from the 
producer gas. 


= 160.1%. 


100(17.75) 
79.6 


If in the combustion of any solid or liquid fuel it seems desirable 
to allow for nitrogen in it, this may be done by the same method. 

Effect of Neglecting Sulfur.—In all of the above problems the 
sulfur has been disregarded entirely. For example, in Illustra- 
tion 8, the oil contained 1.683% 8. This would be only 1.63/32 = 
0.05 atom of 8S or mol of SO2 per 100 lb. of oil as against 7.05 
mols of CO», or CO from the same amount of fuel. Neglecting 
the sulfur affects the COz less than 1%; considering the accuracy 
of its determination, the error is usually negligible. The same is, 
in general, true of coals which contain normal amounts of sulfur. 

With some coals, however, this must not be done. For 
example, a Kansas coal contains 8.33% S and 65.02% C, giving 
per 100 lb. of coal, 8.33/32 = 0.26 atom of S or mol of SO2 and 
65.02/12 = 5.42 atoms of C or mols of CO. If the gas from a 
furnace burning this coal be collected over water in the gas- 
analysis apparatus, the SO» will be largely dissolved and the gas 
analyzed will be practically SO2-free. Neglecting this SO: 
formation from a high-sulfur coal such as the above would intro- 
duce a serious error in any computation involving an oxygen 
balance. 


= 22.3%. 
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Collection of the gas sample over mercury probably offers the 
best means for overcoming these difficulties. In that case both 
the SO. and the CO, are retained in the gaseous phase and they 
are determined together by absorption in caustic alkali. In 
the case of the coal cited above, if the combined percentages of 
these two gases were 15% of the total gas volume, this should be 
divided between the COz2 and the SOs» in the ratio of 5.42:0.26, 
giving 14.3% COz and 0.7 % SOz in the gas. 

Nitrogen and sulfur in the fuel cannot be neglected in 
calculating the carbon in it by difference, as otherwise the per 
cent carbon so obtained will be too high by an amount corre- 
sponding to the sum of these two elements present. This istrue 
even in cases in which in the flue-gas analysis from the same fuel 
these two elements may be neglected. 

In general, a part of the sulfur remains in the ash and, where 
the sulfur content of the fuel is high, it may occasionally be neces- 
sary to allow for this. Stoichiometrically, such sulfur plays no 
part in combustion. Total sulfur less that in the ash may, there- 
fore, be called ‘‘net’’ or combustible sulfur. Since oxygen in the 
coal is obtained by difference, in computing it only net sulfur 
should be used, since otherwise sulfur in the ash would be counted 
twice.! Furthermore, net sulfur requires oxygen to burn it. 
Whether this be assumed to come from the oxygen of the coal or 
from the air is stoichiometrically immaterial, but it is perhaps 
simpler to assume the former, thereby reducing the oxygen 
available to form combined water and correspondingly increasing 
the net hydrogen. The amount of oxygen to be deducted for the 
net sulfur depends on the extent to which the SO, is oxidized to 
SO;3. While this always occurs to some extent, it is usually 
allowable to neglect the oxidation beyond the SO, stage.” 

Illustration 12.—A furnace uses a coal the ultimate analysis of 
which shows 57.22% C, 5.64% H, 1.41% N, 5.06% Sand 14.67% 


1 However, as stated on p. 11, in the ultimate analysis correction for the 
sulfur in the ash is not usually made. 

2 In computing the oxygen in the so-called true coal substance by differ- 
ence from 100, where sulfur exists in the coal as pyrites, neglecting any sulfur 
left in the ash, one subtracts not the total sulfur, but five-eighths of it. For 
combustion computations this is wrong; on the same assumptions one 
should subtract the whole of the sulfur. Obviously, however, the result 
will be unchanged by this allowance for pyritic sulfur if one will treat it in 
further computations as such, by the methods of Chap, V, but this greatly 
comphcates computation, 
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ash. The combustible matter left in the ash from the furnace is 
negligible. The ash of this particular coal is found by analysis 
to contain 9.62% 8S. On the assumption that this furnace secures 
complete combustion, using 80% excess air, all the sulfur in the 
combustion gases appearing as SO2, compute the Orsat analysis 
of the combustion gases, if the sample be collected through a tube 
filled with PbO, (which quantitatively removes SO.). What is 
the per cent net hydrogen in this fuel? What would be the 
computed per cent net hydrogen if, as is normally the case, the 
sulfur in the ash were neglected? 

Solution.—The sulfur determined by analysis is the total sulfur. 
Since part of it remains in the ash, part of it belongs there when 
arranging the results of the analysis. Taking a basis of 100 lb. 
of coal, this amount is 14.67(0.0962) = 1.41 lb., included in the 
ash as determined. The remainder of the sulfur, 5.06 — 1.41 = 
3.65 lb., is the sulfur converted to SOs, 7.e., the ‘‘net’’ sulfur. 
Arranging the analysis in tabular form, using the value 3.65 for 
sulfur, one obtains the oxygen by difference. From this total 
oxygen, there is deducted the oxygen equivalent to the sulfur, 
the remainder being oxygen equivalent to combined water. 


Basis.—100 lb. coal. 


Pounds Mols or atoms 

Go ors Gee yf Dp 4.77 
TEleicig ak ole CAA TE ee ae 5.64 2.79 
IR bc ce aacinn, eho ey ANB Tur REE ine ucla Se 1.41 
ING GRO ee ASE Oe tcstecks cote’ s Ditaebare waned SnOo 0.114 
ING) its een ee eee AO CER OP Ee oe 14.67 
OM (byeclitterence) nasae nam. dele eons =< 17.41 1.088 

BGO tale er EL hth Pape dentiats' « 100.00 


O = net S = 2(0.114) = 0.228 atom 

Net O = 1.088 — 0.228 = 0.86 atom O as combined water 
Net H, = 2.79 — 0.86 = 1.93 mols 

Net H. = 1.93(2.02) = 3.88 lb., or 3.88% 

O» for theoretical combustion = 4.77 + 1.93/2 = 5.74 mols 
Excess O2 = 0.80(5.74) = 4.59 mols 

N2 from air = (5.74 + 4.59)(79/21) = 38.9 mols 
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Flue gas (dry, SO2-free) contains: 


Gas Mols Per cent 
OO gas he Pea AL Ee caer eee 4.77 9.9 
(Ore aie re VM Senin & ae Mh Re ot Sener | eis MS 4.59 9.5 
Ist iC tee PEN RRL Sue i oars a! 38.9 80.6 
ROGAN tae, oot eter ae Meee te care ee ee 48 .26 100.0 


If the sulfur in the ash be neglected, the following is obtained: 
Basis.—100 lb. coal. 


| Pounds Mols or atoms 
(CII anh Berace oR SM UMBRO SAE AU in ot ote ee | ieee rw ar 
DED eed sy ciel chad a eater eabiicte: sata © tesco 5.64 2.79 
IN a uaa, Mata ks, Sicaattan toate Phonadre eet aaa eee mene 1.41 
SAG, Dee Se arn ARC ee IR ease tet 5.06 0.158 
IA STnpUT oA eae ETS ste Ne ee Te 14.67 
ON(bya difference) meek l ee aeesine aoe 16.00 1.00 


O =S§ = 2(0.158) = 0.316 atom 
Net O = 1.00 — 0.316 = 0.684 atom O as combined water 
Net H, = 2.79 — 0.68 = 2.11 mols 
Net H,. = 2.11(2.02) = 4.26 lb., or 4.26% 
The error is about 10% of the net hydrogen. 

In order to summarize the ideas presented, an example will be 
given in which a number of these factors are brought together in 
one problem. This makes the apparent complexity of the 
problem greater, but in reality the unit computations merely 
employ step by step the principles developed above. . 

Illustration 13.—The stack gas from a boiler furnace contains 
10.8% COe2, 0.2% CO, 9.0% Oz and 80.0% Ne. These gases 
enter the stack at 760°F., at a draft of 0.5 in. of water; 1,200 Ib. 
of coal are burnt per hour. The proximate analysis of the coal as 
fired is 1.44% moisture, 34.61% volatile matter, 57.77% fixed 
carbon and 6.18% ash, and the heating value is 14,350 B.t.u. per 
pound. An analysis for carbon and sulfur shows these to be 
78.76% and 0.78% respectively. Furthermore, it is known that 
coal from the same field averages 1.3%N. The volatile matter 
of the refuse (dry) is 4% and the fixed carbon 21%. Air in the 
boiler room has a temperature of 74°F ., and is 65% saturated with 
water vapor, ‘The barometer is 29.7in. Compute: 
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1. The per cent heat loss due to unburnt combustible. 

2. The per cent heat loss due to CO in the stack gas. 

3. The per cent of the heating value required to vaporize the 
total water vapor formed on combustion. 

4. The per cent heat loss as sensible heat in the stack gas. 

5. The per cent excess air used in the combustion. 

6. The cubic feet of air used per minute for combustion. 

7. The cubic feet of gas entering the stack per minute. 

Solution.—It is obvious that the composition of the flue gas is 
determined not by total combustible fired, but only by com- 
bustible actually burnt. The data for securing the relation be- 
tween combustible fired and burnt is found in the analyses of fuel 
and refuse. On the other hand, the analysis of the fuel is not 
complete and hence the relation between net hydrogen and car- 
bon must be determined from the flue-gas analysis, this applying, 
however, only to combustible actually burnt. Therefore, in 
solving this problem the first step is to get the relation between 
combustible burnt and combustible fired from the analyses of 
fuel and refuse, next, to secure the relation between net hydrogen 
and carbon in combustile burnt from the flue-gas analysis and 
finally, by tying these two together, to compute the composition 
of the fuel. With the data thus organized and tabulated, solu- 
tion of the various parts of the problem reduces itself to selecting 
and combining the specific quantities required in each case. 


Basis.—100 lb. refuse. 


Pounps 
Wo lattlermiatce tin narapiec usage euaieuiie ctiveus aie etl iid teens nice 4 
PK CURCAT DOL eek tn eee ae erie stew lore ele otausieloiemnaate craks Al 
NEA iy ABE ORE thei eo ORE: look Raa ary Bdge Seen oe Ben eae Pa rd ee 75 
TSG bal eee oer ts ie ils cers Me aya, ade EAR, OE oe | 100 


.. uncoked combustible matter = 4(34.61 + 57.77) /34.61 = 10.7 lb. 
.. C present as coke = 21 + 4 — 10.7 = 14.3 lb. 


From fuel analyses: 
4 78.76 X 100 
Per cent C in combustible matter = Mat = (hoy, 
.”. C present in uncoked combustible matter = 0.853(10.7) = 9.1 lb. 
.”. total C present = 14.3 + 9.1 = 23.4 lb. 
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Basis.—100 mols dry stack gas. 


Gas Mols |AtomsC Mols O2 

COs. 10.8 10.8 10.8 
COP vate Wie ech er ee 0.2 0.2 Ort 
(Oye hee LE ced an eer cat che bt 9.0 9.0 
INGA Ashen Garcon 80.0 

MB TIE Magee Noe ena mete 100.0 11.0 19.9 O» accounted for 
SOrOCQT 79) cee A iealete al are tanenane ates kee gsr ae 21.25 O, from air 
O. unaccounted for by analysis =............| 1.85 O» disappearance 


.. net H, burnt to HO = 2(1.35) = 2.70 = HO from combustion 
Pounds net H, burnt, 2.70(2.02) = 5.45 

Pounds C burnt, 11.0(12) = 132 

Net H, burnt: C burnt = 5.45:132. 


Basis.—100 lb. coal as fired. 


Pounps 

CMtGtaly= sere soe. See a ote el eee 78.76 
C in refuse, 6.18(23.4/75) =.......... 1.93 
QUST OWENS) Sactnens beng nics a ay SAIS EE Ae coe 76.83 = 6.40 atoms. 
Net Hoanicas, (6:45 /1S82)(6:83 =e Sold = 57 emols 
C as uncoked coal in refuse, 

GEIS (QGI77/5) ie tan ee a Ree nee 0.75 
C corresponding to net Hy» in gas,! 


TOU Oe OF CO) aN ae cnet ee aan Theo 
Net Hy, in refuse, (0.75/78.01)3.17 = 0.0305 
Total net Hz in coal, 3.17 + 0.03 =.... 3 


Coal Analysis. 


eR sak achctsic thecal cate Tae CNS NTE 78.76 

Neti g So 5:1 ceric tncneueeicre ac ahr uae iene Sl) 

SS Rane” Sm uae hy a Ae ed ra 0.78 

Nea So Aeeetto ec By ov eee ne keene eae SES 1.30 

ASIA a Meio! Aen cer We ARE ree Teens 6.18 

Moistire-u-9..8,78 mack aun Ca oe 1.44 = 0.08 mol 
Total Satee shoe cine Oe ae CEE 91.66 

CombinedeH, Oars oe eee 8.34 
CL Gall events raid we Ree ae oedema Seon 100 .00 


Combined water in gas, 8.34(78.01/78.76) = 8.3 lb. = 0.46 mol 
.. total H.O in gas from coal = 1.57 + 0.08 + 0.46 = 2.11 mols 


1 This is the total carbon in the coal from which came the net hydrogen 
in the gas. 


. 
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The complete analyses of gas and fuel are now given. The 
general method of utilizing them is to employ a carbon ratio to 
give the relation between gas and fuel, and a nitrogen ratio to 
give that between dry gas and dry air. To complete the solu- 
tion, it is necessary to determine the water in the flue gas. This 
water from a coal-fired furnace comes from four sources: 

a. The water brought in with the air. 

b. The moisture content of the coal. 

c. The combined water in the coal (equivalent to the oxygen 
content of the fuel). 

d. The water from the combustion of the net hydrogen present 
in the coal. 

Item a is obtained through a nitrogen balance from the amount 
of air and its humidity. Item 6 comes from the proximate 
analysis of the coal. Item c is given by the ultimate analysis 
of the fuel, while item d is calculated from the net hydrogen in 
the fuel, in turn determined by the difference between total 
oxygen from the air and total oxygen in the flue gas. The last 
three come through a carbon balance. 

1. The per cent heat loss due to unburnt combustible. As un- 
burnt coal: 


Basis.—1 lb. coal. 


Pounds 
Pounds | combustible | Fraction 
ash in refuse loss 
0.0618 10.7 100 100 
——————— |———— |——_—_|——_ = 0.95 
75 92.38 % 
As coke: 
Pounds | Pounds 
ash C Ciba jabato: 
; 1.8 100 
0.0618 14.3 97,000 = 1.19% 
ME 12 14,350 


Total loss = 1.19 + 0.95 = 2.14%. 
2. The per cent heat loss due to CO in the stack gas. 


Atoms C} Mols 
in gas CO | C.hu. | B.t.u. 


0.0640 | 0.2 | 68,000 | 1.8 100 
| jf 8 10% 
11.0 14,350 


3. The per cent of the heating value required to vaporize the total 
water vapor formed on combustion, 
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Mol H;,O} Pounds | B.t.u. 


18 


4. The per cent heat loss as sensible heat in the stack gas. 


Basis.—100 mols dry stack gas. 

Water vapor (from net hydrogen, combined water and mois- 
ture) from combustion of coal, 11.0(2.11/6.40) = 3.62 mols. 

Water vapor from air (vapor pressure HO at 74°F. = 0.84 in.; 
partial pressure at 65% saturation = 0.54 in.): 


Mols N2} Mols dry air 
54 
80.0 Eee ae ae Ue eee = 1.88 mols. 
79 (29.7 — 0.54) 


Total water vapor, 3.62 + 1.88 = 5.5 mols approximately. 


Heat content, 


B.t.u. Difference = Total 
Gas Mols |} —————| heat loss per | heat loss, 
At At mol B.t.u. 
760°F. | 74°F. 
COM ee ate Ut erie TLOSSalea2oo. 370 6,880 74,400 
COW Peaiate se nese e een 
Oe Nets ras eg 6. 89.2 | 5,100 | 290 4,810 429,000 
Note gene ate. su ahaa re 
BEL; ON Meal coke tac ee 5.5. | 6,100 350 5,750 31,600 
Total Seth ets 105 6 eoscSe le, -.eeGallpymme cee 535,000 
Basis.—1 |b. coal. 
Atoms C] B.t.u. loss 
0.0640 | 535,000 100 = 21.77 
11.0 Pa ee 


5. The per cent excess air used in combustion. Based on the 
substance burnt. 


(9.0 — 0.1)100 
21.25 — cae Oy 72% excess air. 


Based on the coal fired. 
Basis.—100 |b. coal. 


78.76/12 = 6.56 O» required for C. * 
(3.20/2.02)/2 = 0.79 O2 required for net H» 


| 


ll 


7.35 O2 required for combustion 
8.9(6.40/11.0) = 5.18 O. used in excess 
Y (5.18/7.42)100 = 70.5% excess air. 
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6. The cubic feet of air used per minute for combustion. 


Atoms Mols Cubic At 

Pounds | Cin | Mols} dry Mols humid feet 29.7 

coal gas No air air S.C. in, 
1200 6.40 80.0 100 29.7 359 29.92) 534 4.710 ft. ai 
60 100 | 11.0 | 79 | (29.7 — 0.54) 99.%)| 200) Wok = ay 


7. Cubic feet of gas entering stack per minute. A draft of 0.5 in. 
of water = (0.5/13.6) = 0.04 in. of Hg. The pressure of the 
stack gas is, therefore, 29.7 — 0.04 = 29.66 in. of Hg. 


Mols | Cubic At 
Pounds | Atoms C} wet feet 29 .66 


coal in gas gas 8. C. in. 

1,200 6.40 | 105%5 | 359 )| 29.92 | 1,200 11.000 ft 
a a ee . ft. gas 
60 100 11.0 29.66 492 : ‘u . 
PROBLEMS 


1. Hydrogen-free carbon in the form of coke is burnt (a) with complete 
combustion using theoretical air, (b) with complete combustion using 50% 
excess air and (c) using 50% excess air but with 10% of the carbon burning 
to CO only. In each case calculate the gas analysis which will be found by 
testing the flue gases with an Orsat apparatus. 

2. If dry hydrogen gas at atmospheric pressure is burnt completely 
in a furnace with 32% excess air, calculate the Orsat analysis of the flue 
gas from this furnace. Ans. 6% Ox, 94% No. 

3. If moist hydrogen containing 4% of water by volume is burnt com- 
pletely in a furnace with 32% excess air, calculate the Orsat analysis of the 
resulting flue gas. Ans. 6% Os, 94% No. 

4. If pure methane is burnt completely in a furnace with theoretical 
air, calculate the analysis of the resulting flue gas. Ans. 11.7% COz, 
88.3% No. 

5. Repeat the preceding problem on the assumption that 32% excess 
air is employed. Ans. 8.6% CO2, 5.5% Oo, 85.9% No. 

6. Calculate the flue-gas analysis obtained upon burning pure methane 
with 20% excess air on the assumption that 8% of its carbon content is 
burnt to monoxide rather than to dioxide. Ans. 8.74% COs, 0.76% CO, 
4.2% Ox, 86.38% No. 

7. A steel-annealing furnace burns a fuel oil, the composition of which 
can be represented as (CH»),. It is planned to burn this fuel with 12% 
excess air. Assuming complete combustion, calculate the Orsat analysis 
of the flue gas. Repeat this problem on the assumption that 5% of the 
carbon in the fuel is burnt to CO only. Ans. (a) 13.3% COs, 2.4% Os, 
84.3% No; (b) 12.64% COz, 0.66% CO, 2.7% Ox, 84.0% No. 

8. An annealing furnace uses a fuel oil containing 16.4% H and 83.6% C. 
It is proposed to fire this furnace with 25% excess air. Calculate the flue- 
gas analysis, assuming complete combustion. Repeat the calculation 
assuming that 5% of the total carbon is burnt to CO only. Ans. (a) 11.38% 
CO,, 4.5% Oz, 84.2% N3; (b) 10.7% CO;, 0.55% CO, 4.75% Oz, 84.0% Ne. 
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9. A coke-fired furnace uses a fuel containing 81% C, 0.8% H and the 
rest ash. This furnace is designed to operate with 60% excess air. Cal- 
culate the flue-gas analysis, assuming complete combustion and repeat, 
assuming that 5% of the carbon is burnt to CO only. Ans. (a) 12.8% CO, 
7.9% Ox, 79.3% No; (b) 12.1% COz, 0.6% CO, 8.2% Os, 79.1% No. 

10. A billet preheating furnace uses a coal containing 74% C, 4.8% H, 
9.4% ash and negligible S and N. This furnace is to be fired with 50% 
excess air. Calculate the flue-gas analysis on the assumption of complete 
combustion and repeat on the assumption that 10% of the carbon burns to 
CO only. Ans. (a) 12.5% COs, 7.1% O2, 80.4% No; (b) 11.25% COr, 1.25% 
CO, 7.7% Ox, 79.8% No. 

11. In problems 4, 5 and 6 the flue gases go to the stack at 750°F., and 
latm. The fuel gas is measured at 70°F. The air used for combustion is 
dry and at 1 atm. What is the volume of flue gas in cubic feet per 100 
cu. ft. of fuel? What is the volume of air used, in cubic feet per 100 cu. ft. 
of ‘fuel? 

12. In problems 7 to 10 the flue gases go to the stack at 750°F., and 1 
atm. The air used for combustion is at 70°F., and dry. What is the 
volume in cubic feet of stack gases per pound of fuel burnt? How many 
cubic feet of air per pound of fuel were used for combustion? 

13. The flue gases from a furnace fired with a hydrogen-free coke con- 
tain 14.2% CO. and 6.7% Os. These gases enter the stack at 740°F. 
The air used for combustion is substantially dry and enters the furnace at 
70°F. Barometer = 760 mm. 

(a) What is the volume in cubic feet of the flue gases leaving this furnace 
for each pound of carbon burnt? Ans. 514 cu. ft. 

(b) What is the volume of air entering the furnace per pound of carbon 
burnt? Ans. 227 cu. ft. 

(c) What percentage excess air is used in this furnace? Ans. 47.2%. 

14. The flue gases from a furnace fired with hydrogen-free coke contain 
13.9% COs, 1.0% CO and 6.4% Ov. These gases enter the stack at 740°F. 
The air used for combustion is substantially dry and enters the furnace 
at 70°F. : 

(a) What is the volume in cubic feet of the flue gases leaving this furnace 
for each pound of carbon burnt? Ans. 489 cu. ft. 

(b) What is the volume of air in cubic feet entering the furnace per pound 
of carbon burnt? Ans. 215 cu. ft. 

(c) What percentage excess air is used in this furnace? Ans. 39.6%. 

15. The hydrogen gas obtained as a by-product in the electrolytic decom- 
position of salt to produce caustic and chlorine is burnt in a gas-fired 
furnace. The flue gases from this furnace are collected in a sampling 
device and analyzed in an Orsat. They are found to contain 5.4% O, 
and the rest N». The fuel enters the furnace dry, at 80°F., and 820 mm. 
absolute pressure. The barometer is 750 mm. The flue gases go to the 
stack at 650°F. 

(a) If the flue gases from this furnace were cooled to 80°F., dried and 
measured at the same pressure as the original hydrogen, what volume of 
dry flue gases would be obtained per 100 cu, ft. of fuel fed to the furnace? 
Ans, 255 cu. ft, 
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(6) What is the actual volume of flue gas going to stack per 100 cu. ft. 
of fuel fed to the furnace? Ans. 794.7 cu. ft. 

(c) What per cent excess air is used in burning this gas? Ans. 27.6%. 

16. Methane is burnt in a furnace and the Orsat analysis of the flue gas 
shows 8.75% CO», 5.25% Oz and 86% No. The fuel is dry and fed to 
the furnace at 60°F., and 1 atm. The stack gases are at 800°F. 

(a) What is the volume of stack gases per 100 volumes of fuel? 

(b) What is the per cent excess air? 

(c) Check the flue-gas analysis against that of the fuel. 

17. The flue gases from a calcining furnace contain 11.1% COs, 5.7% 
Oz, 0.8% CO, 6.3% HO and the rest Nz. These gases go to the regenerator 
at 1700°C., entering the regenerator at the rate of 22,000 cu. ft. per minute. 
In the regenerator they are cooled to 200°C. From the following formulas 
for the molal heat capacities of the components, compute the B.t.u. per 
hour which must be abstracted from these gases in the regenerator. 


IN On CORR ane eros ee MC, =6.50 + 0.00107, 
HIG OMe eer irene anions aie 3 MC, = 8.81 — 0.00197; + 0.00000222T2, 
COs 6 oh Boe Seto ee sD MC, =7.0 + 0.00717; — 0.000001867T%, 


18. Recompute the preceding problem, using Figs. 1 and 2 instead of the 
formulas there given. 

19. A coal contains 7% moisture, 22% volatile combustible matter, 63% 
fixed carbon and 8% ash and has a heating value of 14,900 B.t.u. per pound. 
The ash removed from a furnace using this coal contains 8% volatile com- 
bustible matter, 34% fixed carbon and 58% ash. Estimate the per cent of 
the heating value of this coal which is lost in this furnace as unburnt combus- 
tible inthe ash. Ans. 6.5%. 

20. Assuming that the nitrogen of problem 17 comes wholly from the 
air entering the furnace, that this furnace is continuous in operation and 
that 15% of the heat removed from the flue gases in the regenerator is 
lost by conduction and radiation through the regenerator walls, compute 
the temperature to which air is preheated in the regenerator. 

21. Compute the theoretical flame temperature of carbon burning with 
air to CO, and to CO. 

22. A boiler is fired with a coal containing 76% C and 8% ash, burnt 
under conditions such that elimination of combustible matter from the 
ash is complete. The air enters the furnace at 20°F. and substantially dry. 
The sulfur and nitrogen in the coal are negligible. The flue gases go to the 
stack at 1 atm. and 640°F. ‘The average flue-gas analysis shows 12.6% 
CO», 6.2% Oz and no CO. Calculate the following: 

(a) The ratio by weight of net hydrogen to carbon in the coal and from 
this the per cent of net hydrogen in the coal. 

(b) The per cent excess air used in the furnace. 

(c) The complete analysis of the original fuel. 

(d) The total volume of flue gases going to the stack for each pound of 
coal fired. 

(ec) The volume of air entering the furnace per pound of fuel fired. 

23. A boiler is fired with a coal containing 76% C and 8% ash, burnt 
under conditions such that elimination of combustible matter from the 
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ash is complete. The air enters the furnace at 20°F.,:and substantially 
dry. The sulfur and nitrogen in the coal are negligible. The flue gases 
go to the stack at 1 atm. and 640°F. The average flue-gas analysis shows 
12.6% COs, 6.2% O2. and 1% CO. Calculate the following: 

(a) The ratio by weight of net hydrogen to carbon in the coal and from 
this the per cent of net hydrogen in the coal. 

(b) The per cent excess air used in the furnace. 

(c) The complete analysis of the original fuel. 

(d) The total volume of flue gases going to the stack for each pound of 
coal fired. 

(e) The volume of air entering the furnace per pound of fuel fired. 

24. Solve problem 22 on the assumption that the air enters 80% satu- 
rated at 90°F., at which temperature the partial pressure of water is 36 mm. 

25. Repeat problem 24 on the assumption that in firing this coal it is 
necessary to wet it down with a hose in order to prevent dusting as the 
coal is introduced into the furnace, the water added in this way amounting 
to 12% of the coal as analyzed, the sample for analysis having been taken 
as the coal enters the boiler house. 

26. A boiler is fired with a coal containing 69% C, 5% 8S, 11% ash and 
negligible nitrogen. The Orsat analysis of the flue gas gives 11.2% CO:, 
6.9% Ox and 1.2% CO. The CO: thus reported, however, includes any 
SO, in the gas because that is also soluble in alkali. The air enters the grate 
dry at 40°F. and the stack gases are 700°F. The barometer is normal. 
Assuming the sulfur in the coal to be burnt to SO2, the SO; formation being 
negligible, compute the following: 

(a) Per cent excess air used in the furnace. 

(b) Complete analysis of the original fuel. 

(c) Total volume of flue gases going to the stack for each pound of coal 
fired. 

(d) Volume of air entering the furnace for each pound of coal fired. 

27. A boiler is fired with a coal containing 69% C,5% 8, 2% N and 11% 
ash under such conditions that elimination of combustible matter from 
the ash is complete. The flue gas is sampled through a tube filled with dry 
PbO, to absorb SO2. Its analysis shows 11.6% COs, 0.9% CO and 7.8% 
O.. The air enters the furnace 50% saturated at 75°F., at which tem- 
perature the vapor pressure of water is 22.2 mm. The stack temperature 
is 760°F. The barometer is 740 mm. On the assumption that the sulfur 
all goes into the gas as SO. compute: 

(a) The per cent excess air used in the furnace. 

(b) The complete analysis of the fuel. 

(c) The per cent error introduced into items (a) and (6) by neglecting 
the nitrogen in the coal. 

(d) The B.t.u. lost up the stack per pound of fuel fired due to (1) unburnt 
CO, (2) latent heat of water, (3) sensible heat. 

28. A boiler is fired with a coal containing 78% C and 11% ash, burnt 
under conditions such that the dry ash removed from the furnace con- 
tains 23% of combustible matter, present as fuel which has been thoroughly 
coked but from which all the carbon has not been burnt out. The air 
enters the furnace at 22°F, and substantially dry. The sulfur and nitrogen 
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in the coal are negligible. The flue gases go to the stack at 1 atm. and 
640°F. The average flue-gas analysis shows 18% COs, 6.8% Oz and 1.1% 
CO. Calculate: 

(a) The ratio by weight of net hydrogen to carbon in the coal and from ° 
this the per cent of net hydrogen in the coal. 

(b) The per cent excess air used in the furnace. Ans. Based on fuel burnt, 
41.3%; on fuel fired, 35.7%. 

(c) The complete analysis of the original fuel. Ans. 2.31% total H, 
8.70% O. 

(d) The total volume of the gases going to the stack per pound of coal 
fired. 

(e) The B.t.u. lost up the stack per pound of fuel fired as (1) unburnt CO, 
(2) latent heat of water, (3) sensible heat. 

29. A furnace is fired with a fuel oil containing 83% C and substantially 
free from sulfur and nitrogen. The air used for combustion enters at 85°F., 
and with a partial pressure of water vapor of 26 mm. The flue gas con- 
tains 10.5% COs, 0.6% CO and 6.0% Oo. The stack gases leave the furnace 
at a temperature of 840°F., and under a draft of 1.6 in. of water. The oil 
as fired has a heating value of 20,220 B.t.u. per pound. The barometer is 
748 mm. Per pound of fuel fired, compute the following: 

(a) Cubic feet of free air entering the furnace. Ans. 273.6. 

(b) Cubic feet of stack gases leaving the furnace. Ans. 691.5. 

(c) B.t.u. lost in the stack gases due to unburnt CO. Ans. 458. 

(d) B.t.u. lost in the stack gases due to sensible heat. Ans. 4,030. 

(e) B.t.u. lost in the stack gases due to failure to condense the water 
formed upon combustion of the hydrogen in the fuel. Ans. 1,267. 

(f) B.t.u. recoverable from the stack gases by cooling them by means 
of a heat exchanger to 300°F. Ans. 2,920. 

(g) B.t.u. otherwise lost which would be recoverable by reducing the 
excess air to 10%, on the assumption that the percentage of the total 
carbon burnt which goes to CO remains the same as at present. Ans. 667. 

(h) Temperature to which the entering air would be preheated in such 
an exchanger if the wall and other losses (by conduction, radiation, etc.) 
amount to 22% of the heat given up by the stack gases in passing through 
the exchanger. Ans. 566°F. 

30. Solve Illustration 7 by a non-algebraic method. Suggestion: Find 
the gas analysis by ‘‘earmarking”’ the nitrogen corresponding to the excess 
oxygen and then proportion the remainder of the gas according to the fuel 
analysis. 

31. The heating value of the dry coal used in Illustration 7 is 14,530 
B.t.u. per pound. How much cooling water at 25°C. is required per hour 
for cooling the gas? Assume that the gas after being used for heating 
purposes enters the water cooler at 950°F. and that the water leaves at 
82°C. 


CHAPTER III 
GAS PRODUCERS 


As with furnaces and kilns, more information as to the 
performance of a gas producer can be secured by analysis of the 
gas than from any other single source. A complete test on a 
producer set is time-consuming, and the equipment is usually 
so arranged as to make it difficult or impossible to secure all the 
data needed, particularly the volume of gas formed. This is 
hard to measure because of the large volume involved, the varia- 
tions in rate of production and the expense and inconvenience of 
meters of sufficient size and precision to handle the gas. The 
quantity of fuel used can, however, be easily and accurately 
determined. If one knows its carbon content and that of the 
gas, a carbon balance, corrected for soot, tar and any unburnt 
combustible in the refuse, will immediately give the quantity of 
gas. 

Estimation of the steam consumption and of the extent of its 
decomposition in the producer is also of great importance. This 
is likewise difficult to determine directly, but, allowing for water 
vapor in the air and for moisture and combined water in the fuel, 
it may readily be obtained from the gas analysis and its water 
content. 

Gas-producer computations are unique in that the manufacture 
of producer gas represents the combination of primary combus- 
tion with water-gas formation. A large fraction of the volatile 
matter of the fuel remains in the gas as CO, hydrocarbons and 
hydrogen. Hydrogen and oxygen (the latter combined as CO or 
COz) are also introduced into the gas by decomposition of the 
steam injected or of some of the combined water in the fuel. As 
in combustion in furnaces, the gas analysis of itself can be made 
to yield important quantitative information as to these reactions. 
Iilustration 1.—The average analysis of a certain producer gas 
Is: 
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Per Crynt 

CO area AK On or ah he CER, Skis song seve a lk 9.84 
Os eS ORG CR oF OS CT RT OREO OE oar ori 0.04 
(Crila in Ss ale che eeciea Re Ra a: eee RR pee: SOUS ee 0.18 
COR ase ur ear eer eG. Was. SMO Aus 18.28 
BE not RO arco aal cuca eee RO EPA RG ier ea 12.90 
(CLEC cen SABES ches ard te Phan oO Ie 1 HI ORNS ta Ne Pe 3.12 
TNs alo lesaeaiotide hoe tenn tatie cach OE oRCT Sate oe REN ae 55.64 

GR OUGHIE, «Mery ask ems «8 Bicol SRR ReneS aL Rea RAY ae ae an 100 .00 


What conclusions may be drawn from these figures alone? 

Solution.—As in combustion calculations, the figures are first 
tabulated so that the quantities of the individual elements are 
shown, taking as a basis 100 mols of dry gas. Assuming all the 
nitrogen comes from the air used, the corresponding oxygen is 
next computed. This is less than the total oxygen present in 
the gas (note the difference from ordinary combustion calcula- 
tions), the remainder of necessity being equivalent to water 
decomposed, since this is the only other possible source of oxygen. 
The mols of water decomposed and the hydrogen formed there- 
from are obviously twice the corresponding mols of oxygen. 
The hydrogen from the steam is, in turn, less than the total 
present; the difference between the two must be the net hydrogen 
from the fuel. All these calculations are indicated in the 
following table: 


Basis.—100 mols of dry producer gas. 


Gas | Mols | Atoms C | Mols H, Mols O, 

(SOs 2 cate 9.84 OSE We rerice 9.84 
O2 ORO | ater Sey We 0.04 
(CA igh een Saar ewes 0.18 0.36 0.36 
CO Rya ae. doc oot 18 .28 Ue eal Wie eae ore 9.14 
JB by sus, ce Scere ee acne eee 25907 tif a es 12.90 
CH, onde See 6.24 
Ne Aon eee Oe 55 .64 

THOU) eet Sea 100.00 | 31.60 19.50 19.02 
Co GET GOL 0) 1 14.80 
@ arom decomposition of water = ...20....+-| --2-: 4.22 
H. from decomposition of water, 4.22(2) =..... 8.44 
EE stromenetebl om Tuell sa: seete cuss tenees) ou eevenes sats 11.06 


ee  Y 
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It will be noted that the oxygen in the gas comes from two 
separate sources, air and decomposition of water. By a nitrogen 
balance, that from the former source is earmarked and set aside, 
that from the latter being obtained by difference. This makes it 
possible to earmark similarly that fraction of the total hydrogen 
derived from water, since it must be equivalent to the oxygen 
from the same source. The remainder of the hydrogen must 
come from the fuel. 

By multiplying the atoms of carbon by its atomic weight the 
pounds of carbon per 100 mols of dry gas are found and similarly 
the net hydrogen and the water decomposed. 


Pounds: Cun 72851200 (12) eet ches cies eee 379 .2 
Pounds*net, H5 in) vas, P06 (2:02) 5 eee 22.3 
Pounds H,O decomposed, 8.44(18) =................. 151.8 


From these figures several ratios can be obtained which can be 
used to give other data. For example, per pound of carbon 
gasified there are: 


151.8/379.2 = 0.400 lb. H2O decomposed 
(100/379.2) 359 = 94.8 cu. ft. dry gas, S. C., produced and 
(55.64/379.2)(100/79)359 = 66.8 cu. ft. dry air, S. C., used. 


It is usual to assume that the water decomposed thus 
calculated is limited to that entering as steam with the air, 
but such probably is not the case. It is true that in an updraft 
producer the moisture of the coal is driven off and swept out of 
the producer at a temperature too low to react with carbon at an 
appreciable rate, but, on the other hand, that oxygen in the coal 
substance which is often described as ‘“‘combined water’ does 
not come off upon thermal decomposition solely as water, but 
partly as CO, CO: and perhaps to some degree as oxygen-contain- 
ing organic compounds. The latter almost certainly decompose 
into simpler molecules before leaving the producer. Consider- 
ation will show, however, that in so far as oxygen of the fuel reacts 
thus directly to yield CO and COs, an equivalent amount of 


been set free as | such and had then reacted with carbon. ~ The 
data throw no light on the mechanism of these reactions, but 
fortunately it is entirely immaterial in the overall perfomance of 


. 
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the producer. Similarly, of the net hydrogen in the coal some 
may burn to water and some distill off as hydrocarbons, but the 
exact equivalent of all of it must appear in some form in the 
product. The computations correctly represent the overall 
result, though the reaction mechanism may differ from that 
assumed in making them. 

In all updraft producers the thermal decomposition and 
distillation of the coal take place at high temperature in an 
atmosphere free of oxygen. In consequence, the cracking of the 
distillation products results in the formation of considerable 
quantities of tar and soot. Where the hot gas goes directly into. 
a furnace beside the producer, substantially all of the tar is carried 
into the furnace, but where the gas is piped any considerable 
‘distance and cooled, the tar settles in the flues, separates out in 
the coolers, collects in the traps and develops a general nuisance. 
Because of these conditions it is impossible to determine tar 
formation with any precision in a test run of normal duration. 
It can, however, be measured satisfactorily over long time 
periods, and the evidence indicates that the tar formation per 
pound of coal gasified remains substantially constant for a given 
coal in a given equipment so long as operating conditions are not 
too widely varied. The most satisfactory method of allowing 
for tar is, therefore, to secure data on tar formation over long 
periods of time and to use these figures in computing the results 
of a test rather than using the data on the tar obtained during 
the test itself. Since under normal conditions a large fraction 
of the tar separates out emulsified with water, it is imperative 
to have an analysis of the water content of the tar. 

To get carbon and hydrogen balances on the producer, one 
must have the ultimate analysis of the tar. On the other hand, 
while tar formation is in no wise negligible, it is always a minor 
factor compared with the total combustible in the fuel, so that no 
serious error is introduced if its composition is estimated, partic- 
ularly since it is known to be rich in carbon. In the absence of 
direct analyses of the tar in question, the authors usually assume 
it to contain 90% carbon and the rest hydrogen, although it is well 
recognized that it does carry some oxygen, nitrogen and sulfur. 

Illustration 2.—The following data were obtained from a test 
on a Morgan gas producer. The feed was automatic, insuring 
uniform rate of fuel supply and eliminating any serious varia- 
tions in rate of gas production. Using the same kind of coal 
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under similar conditions of operation over long periods of time, 
it has been found that the weight of dry tar produced is 3.9% of 
the weight of the coal fired. It is desired to determine the gas 
production, the steam decomposition and a heat balance on the 
producer itself. 


ABSTRACT OF TEST SHEET 


Per Cent 
Duration of run, hours..... 2.33 Combustible in refuse...... 9.99 
Steam, pounds per hour.... 338 Coal analysis, wet basis: 
Steam pressure, pounds gage 15 Moisture sta soeecte meee 1.06 
Coal, pounds per hour...... 866 COMES ec Si a See 69.40 
Temperature of air, degrees 1s Rae Ree raters c 4.76 
Fahrenheit: Sia ache e cee pee eee 1.48 
Drv bulorerer hse ee 65.5 IN eter see eee nee Oe 1.48 
Wet Dulbsn to. tree eee 59.4 OOS aeons 9.18 
Barometer, inches of Hg.... 29.43 ASHER A hae Leer 12.64 
Temperature of exit gas... .1305°F. Heating value, B.t.u. per 
Average gas analysis, per pound, dry..c-2 >. > sae eOl0 
cent by volume: 
COs seca cots Mace ators UPR 
(GSE ane tea one. a scree 0.58 
ens Wie cee ae nee 0.38 
COMA Mare® cbidic ata Siteats 20.76 
FA opr ees sues siovert Bie Fore ates & 11.36 
OLS Diy Heese ree cain caine 2.98 
DS eA UN IE cree Se Be 56.71 


Determination of the water content of the gas was made in 
the following manner: A sample was drawn through a steam- 
jacketed filter of glass wool to remove tar and dust, and thence 
through an absorption bulb containing P:O;. In this manner 
14.40 1. of the dried gas were collected at 32.0°C., and at 759 mm. 
pressure. The increase in the weight of the bulb was 0.8451 g. 

Solution.—The coal and gas analyses are tabulated and, by 
using the information regarding the refuse and tar, the distribu- 
tion of carbon and hydrogen is shown. 


GAS PRODUCERS 


Basis.—100 lb. of coal as fired. 


| Pounds Mea os 
atoms 

MGIC tiimexene near. Once mica tenets tend tay he 06 0.06 
Ola 38S Sag NEG eae ene Ba a, Ga 40 5.78 
LE lpacany GABA GAEL ACHP CIS Lae RcLEREEC: itrare tie cree aie 76 2.36 
Sh cv ch AICO aes as Ree ae nee ar can a 48 
INlood 2 otto Gio: a RODE IRC IEE EL een ey aren .48 
(Dsnc6 Sits Sino Saceee ne Obama eae ciel oie a 18 0.29 
AXING gitphne ORS CPOs a8 eel a ee ee nae .64 
ING Gar 2936-2 (O29) eat, ee er A ask 1.78 
Wombined water, 2(0:29)<=—.5¢ «+ srs ces ne. Pee 0.58 
C in refuse, 12.64(9.99/90.01) =............. 40 0.12 
OM ine ag (OO pane ecole cere tice & cysolee 51 0.29 
Garces! 5783 0127020 =e to rk 5.37 
INetprl opin! bar-3:9 (O31) is sehaee aloes os oheeeta. « .389 0.19 
Neterlaameras nie7Se— 10.19 e— 8 eee eee 1.59 

Basts.—100 mols of dry gas. 

Gas | Mols | Atoms C | Mols H, Mols O2 

WO ener telat nova akeint (6433 Toren lien tale 4 7.23 
ULC es ae oaeisienet ere 0.58 1.16 1.16 
O)onepens oath tilda rs. hei wes ORES Stee nome eral” luatete ie 0.38 
CKO) uct AA A Ace a 20.76 PAV ACh ise APS Es sereee 10.38 
Top eae twos eas Sa eS he Tan's aaa Ai heal ove 2118 Momaences 11.36 
CHE As BPG Sener as Sis a 2.98 2.98 5.96 
lh eae ee ee 56.71 = 

OCAlWMr yl cere ioe esa aicteet 100.00 Sone 18.48 17.99 


These two tabulated analyses of the coal and gas show, each on 
its own basis, how much carbon is present in the gas. Using 
the amount of coal fired as given in the table of test data, the 
gas production can be estimated directly by a carbon balance. 


Pounds | Atoms Mols 
coal per} Cin dry 
hour gas £as 


866 5.37 100 359 


100 32.13 


= 52,000 cu. ft. S. C. per hour 


A diagrammatic representation of this problem is seen in Fig. 3. 
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A virtually independent check may be had on this figure by 
using a hydrogen balance. Hydrogen occurs in so many places 
that it is best to tabulate the separate items. 


as, 52000 cu.ft. 


Coal ,866 Ib. Ge 
iN Tar 33.816. 


Cin refuse 12.216, 
Steam 338 lb. Aer, 37400 cu. Ft. 


Fig. 3.—Material balance on gas producer. Basis.—1 hr.! 


Hydrogen Input.—Basis.—1 hr. 
a. From the coal. 
Moisture + combined water + net H, = 0.06 + 0.58 + 1.59 = 
2.23 mols per 100 lb. coal fired. 


(2.23/100)866 = 19.3 mols per hour. 
b. From the steam. 
338/18 = 18.78 mols per hour. 


c. From the air. This is obtained through the nitrogen in the 
producer gas, from which the air used can be computed. Let the 
quantity of dry producer gas be x mols per hour. From the wet- 
and dry-bulb temperatures of the air, the humidity is found to be 
70%.2 Thewapor pressure of water at 65.5°F. is 0.63 in. This 
gives as the partial pressure of the water 0.70(0.63) = 0.44 in. 
of Hg, and as the pressure of the dry air 29.43 — 0.44 = 29.0 in. 
Thus the hydrogen brought in by the air as water vapor is 


Mols of 
producer} Mols | Mols dry 
gas Ne alr 
ae 56.71 100 0.44 


Hydrogen Output.—a. As water vapor in gas. The figures 
show that for every 14.40 1. of dry gas at 32.0°C. and 759 mm., 
there are 0.8451 g. of water vapor. Thisis equivalent to 


1TIn the diagrams used to illustrate problems figures in Roman Type (e.g., 
Coal, 866 lb.) refer to data given in the problem while those in Italics 
(¢.g., Gas, 52,000 cu. ft.) refer to calculated values. 

2 See any standard humidity tables. 
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= 0.575 g. mol dry gas 


0.8451/18 = 0.047 g. mol water. 


This is 0.047/0.575 = 0.0817 g. mol of water per g. mol of dry 
gas. This number is, of course, identical with the ratio of pound 
mols of water per pound mol of dry gas. Therefore, the hydrogen 
output in this form is 0.08172. 

b. As Heingas, 0.18482 mol. 

The hydrogen balance is obtained by equating the input and 
output as calculated above. 


19.3 + 18.78 + 0.0109x = 0.0817z + 0.1848z 


This gives « = 149.0 or 149.0(359) = 53,500 cu. ft. S. C., per 
hour. 

The good agreement of this figure with that obtained from a 
carbon balance (52,000 cu. ft.) furnishes a check on the depend- 
ability of the data and the accuracy of the assumptions. 

Steam Decomposition.—This also may be calculated by either 
the carbon or the hydrogen balance. The steam actually used 
is 18.78 mols per hour. The steam decomposed is equal to the 
number of mols of hydrogen in the gas corrected for the net 
hydrogen in the coal. 


a. By carbon balance. 


Pounds 
coal 
866 


= 26.70 mols Hy» in gas 
866(1.59/100) = 13.77 mols net H; from coal 


12.93 mols H» from steam 
(12.93/18.78)100 = 69% decomposed. 


b. By hydrogen balance. 


149(18.48/100) = 27.60 mols H; in gas 
13.77 mols net H, from coal 


13.83 mols H; from steam 
(13.83/18.78)100 = 74% decomposed. 
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Heat Balance.—The temperature of the surroundings (65.5°F.) 
will be taken as the reference point for all items of heat input 
and output, all final results being on an hourly basis. 

Heat Input.—The three sources of heat entering the system 
are (a) coal, (b) steam, and (c) air. 

a. Coal. The heating value is given for dry coal: hence, the 
_ weight of dry coal must be used in computing the heat input. 
866(0.9894) (12,520) = 10,720,000 B.t.u. 


Note: 12,520 B.t.u. per pound is the higher heating value of the coal, 
and cannot be realized unless all water formed in combustion is condensed. 


b. Steam. Fifteen-pounds gage pressure corresponds to 15 
(29.92/14.7) + 29.43 = 59.96 in. Hg. To have this pressure, 
the steam (assumed saturated) must have a temperature of 
249°F. The 338 Ibs. of steam used per hour bring a quantity of 
heat into the system equal to the total heat content of the steam 
at 249°F., less the heat of the liquid at 65.5°F., z.e., 338(1,163.1 — 
33.6) = 382,000 B.t.u. 

c. Air. Although the air used is at the reference temperature 
and hence brings no heat, as sensible heat, to the system, the 
latent heat of its moisture content is a justifiable addition, 
although admittedly small in this case. H.O is air used = 
28.45 lb., equivalent to (28.45) (1,054) = 30,000 B.t.u. 

Heat Output.—Since the higher heating value of the fuel: can 
be realized only when all water formed in combustion is con- 
densed, and since the latent heat of all water entering the system 
in the vapor stage has been considered as input, it is obvious that 
the latent heat of all uncondensed water leaving the system is an 
item in the heat output. 


a. Latent heat of water in gas. 
Pounds | Atoms Mols | Pounds | B.t.u. 


coal G H,0 H,0 
per in in 
hour gas gas 
866 5.37 8.17 18 1,054 
| | HH = 225,000 B.t.u. 
100 32.13 as latent heat 


of H.O in gas. 


Nore: The latent heat at 65.5°F. is used since water is included with other 
gases in computing sensible heat. 
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b. Sensible heat in gas. 


Basis.—1 mol dry gas. 


Heat content, 


Gas Mols B.t.u. Difference,| Product, 
At At B.t.u. B.t.u. 
1305°F. | 65.5°F. 
ClOb ea eie pane 0.0723 13,800 300 13 ,500 976 
Ohi. 5g deo eniee 0.0038 
OOS 6S ae ane Sees 0.2076 
18 IGS rots o Suncheee pee 0.1186 P20 oe ate ee 
IN fates oencteie Venera earch 0.5671 
COED aes a eo fence ose, 0.0298 
ee Saas ot Bepicner als. et lace wat 
1s O): Geese Hon Sorrows 0.0817 11,200 280 10,920 883 
Total ee cts ad WOSUZ,, Neate. Pea acald, ae 10,333 


1This item is calculated from the equation for the molal heat capacity of methane, 
7.5 + 0.0057, by inserting for 7 its average value in °R (1,305 + 66.5)/2 +460 = 1,145, 
remembering that the constant 0.005 is divided by 1.8 when T isin °R. This gives as the 
average molal heat capacity 7.5 + (0.005/1.8) (1,145) = 10.68. The quantity of illuminants 
is small and is included with the methane, giving (0.0298 + 0.0058) (10.68) (1,305 — 65.5) = 
472 B.t.u. absorbed in heating up these gases. 


The heat retained by the hot gases is 


Pounds | Atoms C| Mols 


= 1,498,000 B.t.u. 


c. Heat of combustion of the gas. 


Basis.—1 mol of dry gas. 


Higher heating | Product, 
re | Mele "| vattie; Céun. «Cuts 
UE (CAS Bonne as poem e a ore 0.0058 336 , 000 1,950 
Oss aoe dence dao DEMO peorore 0.2076 68 , 000 14,100 
lana ARGO One SCRE LO. on Dee 0.1136 68 , 300 7,750 
Cle Bigot. bod SOG OO Oe BAO: Seer 0.0298 212,000 6,320 
Higher heating value, per a0) Laem crt creche AAP Aenea . 80,120 
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Pounds 
coal 
866 


Atoms C| Mols 


= 7,850,000 B.t.u. 


d. Heat in tar. Assume the heat of combustion is equal to 
that of the component elements. 


B.t.v. 
866(0.039) (0.10/2.02) (68,300) (1.8) =............ 207 , 000 
866(0.039) (0.90/12) (97,000) (1.8) =...........--- 442 .000 
649 , 000 
Sensible heat: 
866(0:039) (1,305 — 65:5) (O:5)2 = se sees ie ola ey OOO 
Tote leet try Gary. vocachecs te tenccstenrss atte Serre ce townoleeied ie hel eax eh seme 670,000 


1 8pecific heat of tar assumed equal to 0.5. 


Gas \ Potential, 7850000 


Coal 10720000 
—o-|- Tar67Q000 5 


(eo ble 1498000 


Radtation and 
unaccounted for {| To vaporize water 
153,000 403000 


Cin refuse 176000 
Steam, 28 200 all Atr O 


Fia. 4.—Heat balance on gas producer, figures represent B.t.u. Basis.—1 hr. 


e. Heat of combustion of carbon in refuse. 
Pounds | Pounds 


= 176,000 B.t.u. 


The heat balance may now be written (See also Fig. 4.): 


Heat input: 
B.1.0v. 
a. Coal (higher heating value)............... 10,720 ,000 
b. Steam (total heat—heat of liquid at 65.5). . 382 ,000 
c. Latent heat at 65.5 of atmospheric moisture 30 ,000 
11,132,000 
Heat output: 
a. Latent heat of water in the gas............ 225 ,000 
b. Sensible heat of hot gases................. 1,498 ,000 
c. Heat of combustion of gases............... 7,850 ,000 
ad Totalbheatunstar i595 aa See 670 ,000 
e. Heat of combustion of C in refuse.......... 176 ,000 
f. Radiation and unaccounted-for losses ...... 713 ,000 


11,132,000 
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PROBLEMS 


1. A gas producer yields a gas containing 8% CO:, 16.3% Ha», 20.6% CO, 
1% CH, and 54.1% N». The coal fired contains 70% C, 3.5% moisture, 
7.5% ash and negligible N and S. Tar formation can be neglected. 
Calculate: 

. (a) Cubic feet of gas produced (dry, S. C.) per pound of coal fired. Ans. 
70.7. 

(b) Cubic feet of air used (dry, S. C.) per pound of coal fired. Ans. 48.4. 

(c) Pounds of steam decomposed per pound of coal fired. Ans. 0.278. 

(d) Ultimate analysis of the fuel. Ans. 6.22% H, 16.28% O. 

(e) Pounds of steam decomposed per pound of fuel fired, in excess of 
that brought in by the fuel itself. Ang. 0.094. 

2. The coal of the preceding problem has a heating value of 12,500 B.t.u. 
per pound. The air enters the producer at 70°F., with a pressure of 18 mm. 
of water vapor. The barometer is 748 mm. The gas leaves the producer 
at 600°C., and its dew point is 120°F. 

(a) What per cent of the heating value of the fuel appears as available 
heat of combustion in the gas, if the products of its combustion are cooled 
to room temperature? Ans. 77.4%. 

(6) Per pound of fuel fired, how many B.t.u. are supplied to the producer 
as steam (feed-water temperature = 70°F.). Assume steam dry and 
saturated at barometric pressure. Ans. 562. 

‘(c) What per cent of the steam supplied is decomposed in the producer, 
assuming all the water in the fuel to be driven off as such, and that the 
moisture in the entering air is decomposed in the same proportion as the 
steam? Ans. 49.3%. 

3. The gases from a gas producer average 13.0% COs, 16.2% CO, 3.2% 
CHy, 23% Hz:and 44.6% No The coal fired contains 68% C, 4% moisture, 
9% ash, 15% N and 1.2% 8S. The gas leaving the producer contains a 
suspension of tar, which is scrubbed out afterwards. Records over a 
long period indicate a tar formation of 180 lb. per ton of fuel fired. The tar 
analysis is 90% Cand 10%H. The coal fired has a heating value of 12,980 
B.t.u. per pound. The air enters at 75°F., and with a partial pressure of 
12 mm. water vapor. The producer gas leaves at 550°C., the partial pres- 
sure of water vapor in it being 145 mm. The barometer is 750 mm. The 
gas as analyzed was sampled through PbO:. Assume all sulfur went into 
the gas as SO2. Calculate: 

(a) Cubic feet of gas produced (dry, S. C.) per pound of coal fired. Ans. 
55.4. 

(b) Per cent of steam supplied decomposed in the producer. Ans. 51.0%. 

(c) Per cent of the heating value of the fuel appearing as sensible heat 
in the producer gas. Ans. 11.0%. 

(d) Per cent of the heating value of the fuel lost in the tar, assuming the 
heating value of tar equal to that of its components, Ans, 13.3%, 


CHAPTER IV 
SULFUR COMPOUNDS 


The sulfur used in industry is derived either from the element 
itself or from some sulfide ore, such as pyrites. Before conversion 
into other compounds, these are generally burnt to give SO2. 
The operations are similar to the combustion of carbon com- 
pounds discussed in Chap. II, although special furnaces have to 
be employed. 

Combustion of Sulfur.—While the main product of the primary 
combustion of sulfur is the dioxide, it is apparently impossible to 
avoid the formation of some trioxide. Normally, from 2 to 10% 
of the sulfur burnt is oxidized to the hexavalent state.' | The 
vapor pressure of SO; is too great to allow it to condense as such 
at atmospheric pressure and temperature when formed by 
atmospheric combustion,? but when combined with water to 
form H,SO, its condensation is quantitative. Since the usual gas 
analysis is carried out with saturated gas, the SO; is removed 
from the gas as H,SO, before analysis starts. Hence, as in the 
analysis of combustion gases, water vapor is eliminated from the 
result, so in the analysis of sulfurous gases, any SO; formed does 
not appear. As in the former case, however, the water formed 
by oxidation of hydrogen can be determined by the oxygen dis- 
appearance, so too, in this case, the SO; can be computed in the 
same way. In both cases, this is possible because the oxygen 
supply is determined by the nitrogen in the gas, since all the oxygen 
comes in as air with a fixed Oy:Ne ratio, and because all other 
products of oxidation appear in the gas analysis. . Hence the 
oxidation product which disappears can be determined by 
difference. 


1 In the manufacture of bisulfites it is important to keep this percentage 
low, while in a sulfuric acid plant it may well be high. ‘ 

? Were all the oxygen of air consumed to form SO;, there would be two- 
thirds of 21, or 14, mols of SO; which, with the 79 mols of Nz, would give 
15% SO;. At a total pressure of 1 atm., the maximum possible partial 
pressure of SO, formed by atmospheric Combustion os sulfur is, therefore, 
0.15 atm., or 114 mm, 

c 60 
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Assume that 10 atoms of S are burnt with 100 mols of air and 
that 90% of the S goes to SOs and the rest to SO3. Since the 
reactions involved are S + O2 = SO and 2S + 802 = 280s, it 
is obvious that 9 mols O2 are consumed to form 9 mols of SO. and 
1.5 mols Oz to yield 1 mol SO;._ The remaining Oy is, therefore, 
21.0 — 10.5, or 10.5 mols. Since the SO; is condensed prior to 
analysis, the residual gas consists of 9 mols SOs, 10.5 mols O. 
and 79 mols Ne, or a total of 98.5 mols. Hence the gas analysis 
shows 9.14% SOs, 10.66% Oz and 80.2% No. 

In practice, the gas analysis is determined experimentally 
and from this the per cent of sulfur burnt to SO; may be com- 
puted. The preceding computation must, therefore, be reversed. 
Assuming the same analysis, the method is as follows: 


Basis.—100 mols gas as analyzed. 


Gas | Mols | Mols O2 
SO Ye 8 3 oR a age 9.14 9.14 
(Oys./ PpcaGe Ree tase nee es 10.66 10.66 
INE oS Ele ee ea 80.2 


19.80 = Os» accounted for 
SO OU TO) EH ei eels eats s evtrdaree 21.32 = total O» from air 


= O, to SO; or 1.01 mols SO; 


Total S burnt = 9.14 + 1.01 = 10.15 
Per cent of S as trioxide = (1.01/10.15)100 = 9.95% 


The failure to check perfectly is due to the fact that the 
estimation of the SO; depends upon a small difference between 
relatively large quantities, and the cumulative error due to 
rounding off the second decimal place throws out the result. 
Careful gas analyses are essential if dependence is to be had upon 
the results, but the percentage error is serious only when the 
fraction of sulfur going to SO; 1s small. 

In the important case of the use of SO: analyses of this type to 
determine SO; formation in individual units of a sulfuric acid 
plant, a valuable check is secured upon the results by using 
sulfur disappearance and oxygen decrease independently in the 
computations. They should be in the ratio 02:15, and diver- 
gence from this ratio is an indication of error. Thus, the average 
composition of the gas entering a contact unit over a 12-hr. test 
period is found by analysis to be 7.2% SOx, 13.2% Oz and 79.6% 
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N, and leaving the unit 2.8% SOs, 11.7% Oe and 85.5% Nae. 
Of the SO, entering this unit, what per cent is oxidized to SOs 
in it? 

Since the nitrogen goes through this operation unchanged, it 
should be used as the basis of the computation. The following 
tabulation is self-explanatory: 


Basis.—100 mols Nz. 


Mols in Mols in Equivalent 
Gas ; : Decrease 
entering gas exit gas SO; 


SOs taste eee 9.05 3.28 5.77 yar 


Hence, of the entering 9.05 mols of SOz2, (5.77/9.05)100 = 
63.8% is oxidized to SO;. Furthermore, the ratio of SO: 
decrease to oxygen decrease checks within 0.2%, giving inde- 
pendent confirmation of the dependability of the data. 

When this method of testing and control is applied to 
chambers, the nitrogen oxides must be eliminated. This is 
easily done by collecting the gas samples through bubblers 
containing H.SO, to absorb these oxides. Prior to taking the 
sample itself, enough gas should be drawn through the absorption 
train to saturate the absorbing acid with SO: at its partial pres- 
sure in the gas, in order to avoid loss of SOz before analysis. This 
is easily done and, at the same time, an average sample assured 
by drawing continuously an excess of gas through the absorbers 
by means of an aspirator and withdrawing only a fraction of this 
washed gas for analysis. The excess may be returned to the 
chamber, but at a point sufficiently removed so as not to contam- 
inate the sample. The decrease in the ratio of SO2:Ne may 
then be taken as a quantitative measure of the acid formation 
between the sampling points. The oxygen decrease should not, 
however, check this unless the O2:Ne ratio in the eliminated 
nitrogen oxides as dissolved in the absorbing acid is the same at 
each sampling point, but since the amount of these oxides is not 
excessive and the ratio does not vary greatly, the error is usually 
negligible. This statement does not apply if the computation is 
carried back to the original air, since the nitrogen oxides as 
absorbed in H.SO, do not normally have the same O2:N, ratio 
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as the materials added to make up nitrogen losses. Errors due 
to NO formation and to any possible reduction of active nitrogen 
to the element are also usually negligible. 

Combustion of Pyrites.—In the production of SO. by burning 
pyrites, oxygen disappears from the gas due not only to any SO; 
formation which may occur but also to the oxygen consumption 
necessary to give Fe2O3, which is a product of the combustion. 
In so far as the cinder is completely roasted to trivalent iron, this 
can be allowed for quantitatively by the relationships implied in 
the reactions: 


4F eS, a 110, = 2Fe.03 +- 880, 
4¥FeS. a 150, 2Fe,03 + 8503. 


I 


Unburnt sulfide and lower oxides of iron can be determined by 
analysis of a representative sample of the cinder and allowed for. 
From a furnace well designed and operated, however, they should 
be small in amount. Allowance for sulfides of other metals can 
be based on the analysis of the pyrites. While the cinder usually 
holds relatively large quantities of sulfur, it should be in the form 
of adsorbed SO; (7.e., basic sulfate). Since this is stoichiometri- 
cally equivalent to direct addition of SO; to the cinder, it does not 
affect the gas analyses or their quantitative interpretation, 
except that such SO; does not leave the furnace in the gas, and 
hence, to compute the SO; in the burner gas, this adsorbed SO; 
in the cinder must be subtracted from the total formed in the 
furnace, as indicated by the burner-gas analysis. 

Thus, with 6.2% SOz and 12.1% Oz in the average burner gas 
from a well-roasted pyrites, what percentage of the sulfur is 
oxidized to SO; in the burner? From the preceding equations, 
on the basis of 100 mols of gas as analyzed, the oxygen consumed 
to form SO, is evidently 11/8 of 6.2, or 8.53 mols. Since the Nz 
is 81.7, the O» from the air is 21.72 mols. Hence, O2 unac- 
counted for is 21.72 — 12.1 — 8.53 = 1.09, which is equivalent 
to 8/15 of 1.09 = 0.58 molSO;. Hence, the total sulfur burnt is 
6.2 + 0.58 = 6.78 mols and the per cent oxidized to SO; is 
100(0.58/6.78) = 8.6%. An analysis of the cinder would make 
it possible to tell how much of this left the burner in the gases. 

Each of these steps in computation is simple. Difficulty 
arises solely from the fact that in plant problems it is usually 
necessary to deal with an interrelated series of such steps, and the 
mere amount of numerical work is sometimes confusing. The 
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following illustrations are intended to show the method of attack 
of the larger problems, but the elements involved remain 
unchanged. 

Illustration 1.—A plant burns sulfur which is 99.4% pure at 
the rate of 680 Ib. per hour. The average air temperature is 
60°F. The gases emerge from the burner at 760°C., and are 
found to contain 17.4% SO. and 2.7% Os when analyzed! in the 
usual way. The gases then pass to a cooler, which reduces their 
temperature to 70°F. by means of water which rises from 58 to 
90°F. Calculate: 

1. The per cent of the sulfur burnt forming SOs. 

2. The amount of SO, leaving the burner in pounds per hour. 

3. The air consumption in cubic feet per minute. 

4. The volume of gas leaving the burner and the cooler in 
cubic feet per minute. 

5. The heat dissipated from the burner in B.t.u. per hour. 

6. The water used in the cooler in gallons per hour. 

Solution. 


Basis.—100 mols of gas as analyzed. 


Mols O. 


Sliavalce: el’e\el.al/ey's le hv) 's!sxe fois) e bueteile (ee! \s 


20.1 


= O, accounted for 


COOLS) aaah ch eee eran eB .| 21.21 = Oe from air 


1.11 = O; disappearance 


.. S to SO3 = (2/3)1.11 = 0.74 atom S = 0.74 mol SO; 


1. Since for every 17.4 mols of SOs produced, 0.74 mol of SO; 
is formed, 100(0.74)/(17.4 + 0.74) = 4.1% of the S burnt goes 
to SOs, and 95.9% forms SOx. 

In order to secure the other information required, it is 
convenient to adopt the time bases indicated in the questions 
themselves. 


’ Mercury must be used on account of the marked solubility of SO2z in 


water, but a single drop of water is kept above the mercury to saturate the 
gas, 
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2. Basis.—1 hr. of operation. 


Pounds | Pounds Mols 
S burnt] pure S |AtomsS| SO, 
680 0.994 0.959 | 64.1 
ee fee = 1.293 1b, SO, per'hour 
32.1 
3. Basis—I1 min. Assume dry air and normal barometer. 
Cubic 
feet 


Pounds | Mols |} Mols } Mols at 
SO, SO, Ne air S. Cc. 


1,293 70.9) 100. |. 850,520 oy ay 
60. | 64.1 |-17.4|-79 Moraes ee eee 


The results of these calculations are shown in Fig. 5. 
4. Basis —1 min. 


Mols | Cubic 

gas, feet 

Pounds | Mols jincluding} at 
SO. SO2 SO; Sr 


1,293 100.74 | 359 |273 + 760 
aS TRC CEE Ge" aoe = 2,645 cu. ft. per minute 
60 : 7. leaving burner 


The volume of the gas leaving the cooler is found by correcting 
that leaving the burner for the temperature drop from 760°C. 
(1033°K.) to 70°F. (530°R.). 


Cubic feet | At 0°C., or 


at 760°C. 32°F, 
2,645 273 BIOS woe tl aa 
1,033 492 


Water 4520gal.perhour Gas,753cu.ft.per minute 


Gas, 2645 cu. tt. 


PS Poe “Heat removed per hour 


S,680lb. per hour L203 000 B.t.u 


Heat apere 
14.36 O00B t.u. 


Burner 4293lbperhour| Cooler 


Air, 743 cu. Ft. 
per minute 


Fie. 5.—Combustion of sulfur. 


5. Basis —100 mols gas as analyzed = 100.74 mols total gas 
(including SOs). 

The heats of reaction may be taken from the data of Berthelot, 
in Landolt-Bérnstein, as S + O2 = SO2 + 69,300 cal. and S + 
1.502. = SO; + 91,900 cal. The heat evolved is, therefore, 
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17.4(69,300) + 0.74(91,900) = 1,273,000 C.h.u. = 2,290,000 B.t.u. 
The heat carried out by each gas is its number of mols times its 
total heat at 760°C. (1400°F.) less its total heat at 60°F., these 
values being read from Fig. 2 (p. 6), the total heat for SO. being 
the same as for CO:. The total heat of SO; is not available, 
but it can be.shown that its molal heat capacity is approximately 


14 over the temperature range in question. 
Heat Content or Gas Leavina BURNER 


Total heat, B.t.u. 


Difference,| Product (= mols X 


Ges Mots At At B.t.u. | difference), B.t.u. 
1400°F. | 60°F. 
SOz.. Allee aie! 14,800 | 250 14,550 253 , 000 
OME shins Sic ORCAS serie a 14(1,340) 14,000 
Nin) Onranease: 82.6 9 ,660 190 9,470 783 , 000 
Total heatiremaining in gases... seers 1,050,000 


The heat dissipated in the burners is that evolved (2,290,000 
B.t.u.) less that carried out by the gases (1,050,000 B.t.u.) = 
1,240,000 B.t.u. per 100 mols of gas as analyzed, or per 17.4 + 
0.74 = 18.14 atoms of S burnt. Since the sulfur burnt per hour 
is 680 X 0.994/32.1 = 21.0 atoms, the heat dissipated per hour is 
(21.0/18.14)1,240,000 = 1,436,000 B.t.u. per hour. 

6. Basts.—100 mols of gas as analyzed. 


Heat Content oF GASES BETWEEN 1400 anp 70°F. 


Total heat, B.t.u. 


——,,.. | Difference, | Product (= mols x 
Gas Mois At At B.t.u. difference), B.t.u. 
1400°F. | 70°F. 
OOrchetee 17.4 14,800 | 340 14,460 250 , 000 
SOs aie QA tee tees aoe 14(1,330) 14,000 
IN Ost fez 9,660 | 260 9,400 776 ,000 
Total heat removed from gases.................... 1,040,000 


As before, this quantity is on a basis of 18.14 atoms of S burnt. 
Converting to an hourly basis, which corresponds to 21.0 atoms of 
S, gives 1,040,000(21.0/18.14) = 1,203,000 B.t.u. as the heat 
removed from the gases or absorbed by the water. Since the 
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cooling water rises 32°F., the hourly requirement is 1,203,000/32 
= 37,600 lb. or 4,520 gal., assuming all the heat thus removed. 

Illustration 2.—Pyrites fines are burnt in a Herreschoff burner 
to form SO: for conversion to SO; in a sulfuric acid plant. The 
pyrites used carry 48% 8S. Analysis of the burner gas 
shows 9.32% SOs and 6.93% Ov. The cinder carries 2.15% S. 
What per cent of the sulfur fired leaves the burner as SO; in the 
burner gas? 

Solution. 


Basis.—100 mols of burner gas. 


Gas | Mols | Mols O, 
S Onward mae oa hac shat 9.32 9.32 
(Qhe, 6 Sto d Seep ke ee aa ara 6.93 6.93 
INE SA oe Senet ee ee eh 83.75 


100.00 | 16.25 


O, to iron in cinder, = SO, formation, 
(CYS MS Gab) Soe ae ee een 3.50 


19.75 = O» accounted for 
SOKO Cl LONk eee Ane ee bee ab ees 22.27 = O, from air 


2.52 = O» disappearance 
SO pHOrmedst—1(G/212) 2802) =" esas a eyeens oe or 1.34 mols 


This gives as the per cent of the total sulfur oxidized to SOs, 
100(1.34)/(9.32 + 1.384) = 12.56%, leaving 87.44% as SOo. 

Some of the SO; remains in the cinder as adsorbed SO; and the 
remainder goes into the burner gas. The analysis shows the per- 
centage of sulfur in the cinder, and this can be converted to the 
equivalent percentage of SO;. First, however, the weight of 
the SO;-free cinder is computed. ‘This is done as follows: 

Basis.—100 lb. pyrites. 

The sulfur fired is 48 lb. and the remainder, 52 lb., is gangue 
and iron together. The latter is all oxidized to FeO; and the 
gangue is assumed to remain constant in weight. Whether the 
sulfur is oxidized to SO2 or SO;, the equations for combustion of 
pyrites show that for each 8 atoms of S burnt 3 mols of O: com- 
bine with the iron. Therefore, the increase in weight of the 
gangue and the iron as they appear in the cinder is 
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Pounds § | Atoms S| Mols O» 
AB te) de ae ee ee eye 
ae 8 


Hence, the weight of the SO;-free cinder is 52 + 18 = 70 Ib. 

The sulfur in the cinder as adsorbed SO; is 2.15% of the weight 
of the cinder. If x be the number of pounds of sulfur in the 
cinder, then (80/32)z is the corresponding weight of SO; in it and 
the total weight is 70 + (80/32)z. From the condition that the 
percentage of sulfur is 2.15, there is obtained the equation, 


100x a 
70 + (80/32)x 


This gives for x, 1.59 lb. of S. Of the total of 48 lb. of S fired, 
this sulfur which remains in the cinder as SO; is 3.81%. Since 
12.56 % of the S fired was oxidized to SOs3, 12.56 — 3.31 = 9.25% 
left the burner as SO3. 

Bisulfites.—The formation of SO; has been mentioned as one 
of the factors which interfere with bisulfite manufacture. This 
SO; formation may take place in the burners as illustrated above 
and thus be present in the gas entering the absorbing apparatus, 
or it may take place in the absorbers themselves. Another 
factor influencing the results is the kind of lime used. The 
amount of lime necessary to absorb a given amount of SO» gas 
will be different for one containing a high percentage of magnesia 
than for one consisting of nearly pure CaO, since the equivalent 
weights of lime and magnesia are not the same. 

Illustration 3.—The cooled gas of Illustration 1 is absorbed in 
a milk of lime, to form bisulfites, in a tower in which the absorbing 
solution flows countercurrent to the gas. The gas leaves the 
tower at 76°F., containing 2.8% Oz and no SO». The bisulfite 
liquor produced is 7.05% total SO, of which 1.15% is “‘free,’’ the 
rest, 5.90%, being present as bisulfites. The dolomitic lime used 
is 82% CaO and 16% MgO. Calculate the following: 

1. The volume of gas leaving the absorbing tower per minute. 

2. The consumption of lime per hour and the water necessary 
to slake it. 

3. The amount of bisulfite liquor produced per hour. 

It is, of course, possible to answer items 2 and 3 by actually 
measuring the quantities involved. On the other hand, the 
measurement of.large quantities of flowing liquids requires the 
use of equipment often unavailable in connection with such a 


2.15. 
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process. The ratio of these different quantities to one another is, 
however, determined by the analytical data. Since these 
analyses are easily carried out, they are very useful in computing 
the amounts in the various streams when the size of one of them 
is known (in this case the sulfur fed to the burners was weighed 
directly). 


Summary or OTHER Data AND CALCULATED QUANTITIES 


Pounds S (99.4% pure) burnt per hour... ........ 680 
iRerscent.ofabove, burning to sO... 522s. 0 03. 95.9 
Cubic feet of air at 60°F. used per minute......... 743 
Analysis of SO;-free burner gas: 

ISO rot Scatter ae eat RC On WAG 

Chie sy Act oie nt Se Nin ett ee Mi pete ore ake a a es 7G 
Cu. ft. of gas leaving cooler (entering absorber) permin. 753 
Temperature of gases leaving cooler............... 70°F, 


1. Basis.—1 min. 


Cubic feet | No at | Dry waste 
air at 60°F. | 60°F. gas 


= - = Sur eect inut 
ns ir ill |i 11) MEST ERO) ina? . '° Ss 
100 | (100 — 2.8) | 520 cu ry gas per minute 


It must, however, be remembered that this gas is practically 
saturated with water vapor since the vapor-pressure lowering of 
water in a saturated lime solution is negligible. The partial 
pressure of water vapor is, at 76°F., 0.87 in., whence the total 
volume is 

623 (29.92) /(29.92 — 0.87) = 642 cu. ft. 

2. Asa result of the absorption of the sulfurous gases, calcium 
and magnesium sulfates, bisulfites and free sulfurous acid will be 
formed. First, it must be shown qualitatively whether any 
oxidation of SO, has taken place in the absorbers, and second, 
the amount of this oxidation must be calculated; since for every 
mol of SO3 (from oxidation of SO2) going to sulfate, 1 mol of 
lime or magnesia must be used, whereas only 1 mol of the basic 
oxides is required for every 2 mols of SO: forming bisulfites. 

There is available the analysis of the gas entering the tower 
and of that leaving it. The nitrogen in this gas is practically 
unchanged; it could disappear in no other way than by solution 
in the bisulfite liquor. Its solubility in water is so slight as to 
render this loss negligible, and it is not unlikely that the water 
employed is originally more or less saturated with it, thus render- 
ing this error even smaller. The nitrogen is, therefore, a suitable 
basis for comparison of the gas entering and leaving the absorber. 
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Basis.—100 mols No. 


Ratio to 100 mols N2 


Component 
At entrance At exit 
SOs ware ec | see 1724702799 = 21-78 None 
Onna anid seem Ph Oe i7hihe) 5 a) 64s) 2.8/0.972 = 2.88 


Granting no oxidation, the ratio of oxygen to nitrogen should 
be the same at exit and entrance. However, the analyses show 
an appreciable decrease.1_ This decrease of 3.38 — 2.88 = 0.50 
mol O» will oxidize twice that amount of SO, or 1.00 mol. Of 
the total SO. entering the tower, therefore, 1.00/21.78, or 4.6%, 
is oxidized to SO3. Since only 95.9% of the S burnt enters the 
absorber as SOs, the oxidation in the absorber is 4.4% of the 
sulfur burnt. This makes a total of 8.5 % of all the sulfur burnt 
which goes to SO;, since 4.1% had previously been oxidized to 
SO; in the burners. All this enters the absorber, since the air is 
dry, but had it contained moisture, some or all of the first 4.1% 
would have been condensed in the coolers as H2SOx. 

The amount of oxides necessary to absorb the SO:2 and SOs, 
respectively, can now be computed. 


Basis.—1 hr. 
| Mols 
_ Pounds} Pounds | Pounds § in | SOzin | Mols 
crude 8} pure S | liquor as SO; | liquor lime 
680 0.994: | (1.0 — 0.085) 5.90/2 
Rt as ls haath Cider 8.06 mols CaO + 
; MgO per hour for 
the combined 
SO, only 


Pounds | Pounds | S as Mols 
crude S| pureS SO; SO; 


680. 0.994 | 0.085 
—_—__|———__ |_| ———- = 1.79 mols oxides for SO; 


32.1 
Basis.—100 lb. lime. 
Molstof Ca @c==F82// 501 tani eee eee eRe n one 1.463 
Mols\of MeO} =6/4013 te ee 0.397 
Moisi of total oxides:\1..55,um ee eee 1.860 


1 Oxidation of SO; takes place appreciably in dilute solution. 
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Basis.—1 hr. 


Lime required = (8.06 + 1.79) (100/1.86) = 529 lb. per hour for combined 
SO, and SO; 


The amount of water used can be obtained by deducting from 
the total weight of the solution the weight of its components 
other than water. To compute the components in the liquor: 


Pounds | Pounds | Pounds S as 


crude S| pure S SOz 
680 0.994 | (1.0 — 0.085) eau = 1,235 Ib. SO; 
32.1 
Pounds 
Pounds | Pounds S as 
crude § | pure 8 SO; Ss 
680 0.994 | 0.085 | 80.1 143 Ib. 80 
Sela es 
Total weight of solids = 529 (lime) + 1,235(SO.2) + 143(SO3) = 1,907 lb. 
oralewerzaiiquors—al} 285) O\O70Ds=eeeta ran sit ears Sere he aie 17,510 lb. 


Waste gas 642 cu.ft. perminute 


Lime $29lb perhour Water /5650lb.per hour 


g 


Absorbin 
tower 


cu ft. 


S0,,1 2355 lb.; SO,, 143 Lb, 
Fic. 6.—Production of bisulfite liquor. 


By difference, water in liquor = 17,510 — 1,907 = 15,600 
Ib. To this must be added the water picked up by the gas, 
certainly small, but calculated as follows: 

The pressure of water vapor at 76°F. is 0.87 in. 


Cubic | Cubic 
Cubic feet} feet feet Mols 
gas per H,0 at H,0 
hour vapor | 8. C. 
; 18 
Se i LS Ss [el 51.5 lb. H,O vaporized per hour 


29.92 536 359 


The total water used is, therefore, 15,650 lb. per hour. See Fig. 6. 
3. The weight of bisulfite liquor produced per hour was 


calculated above to be 17,510 lb. 
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Sulfuric Acid.—Owing to the corrosive character of sulfuric 
acid, its measurement when in movement is difficul’ unless 
special equipment is already installed in the plani. It is 
measured directly only when necessary or where the measure- 
ment is a normal plant operation, such as the determination of 
production. 

The H.SO, made in the Glover tower is about 12 to 15% of 
the entire acid produced by the plant, and the fraction may even 
run as high as 20%. Besides the production of H»SOu, one of 
the important functions of the Glover tower is to concentrate 
the chamber acid by the evaporation of water from it. It is, 
therefore, important to be able to compute how much of the 
total H.SO, is actually produced in the Glover tower and how 
much water is actually evaporated there in a given plant. 

The performance of the Glover tower is so interwoven with 
the operation of the other units of a chamber plant that its 
calculation generally involves the calculation of the other factors 
at the same time. The problem below illustrates the method by 
which this information can be found. 

Tilustration 4. 


TABULATED DaTa 


Burner gas: Nitrous vitriol: 
tS Git Pease ates Meee Art oke Ae 7.90% N.O; content as per cent 
O. apethaawerrevenewcy sykeric cts Marte che 12 TEDIG NaNO; a cine 16s aha tones Ns eee 2.60 
ING ok. Sas a eke Nh ae 79.35% Mixed nitrous vitriol and 
Gas leaving Glover tower: chamber acid fed to 
SOP Ries bette A! wane aa ee 6.90% Glover tower: 
OR ee i prey aint gs cere 12.40% N.O; content as per 
NS temas ceska bet nee 80.70% cent NaN@s ase 1.64 
Glover tower acid: Air temperature’ 
SROnsepeE da Var Recto ORO: Drysbulbie. eae 57°F. 
Grawitys( Bes) meee 60 .5° Wet: bulbeaateoreacr Sins 
Chamber acid: Barometers coe ane 29.45 in. 
ALGAE HOE CEN ooops eau Ila) 
Greanatine (BY0); ooo os o6 52.6° 
Sulfur: 
AK OVNS) [OS GEN a atinnas oo Com 6.70 
PULitVees cacti OO TL 


Calculate from these data: 
1. The sulfur efficiency. 
2. The per cent of the total acid made in the Glover tower. 


3. The per cent of the chamber acid returned to the Glover 
tower for concentration. 
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4. The water evaporated in the Glover tower. 

5. The water fed to the chambers, as steam or otherwise. 

6. The ratio of the acid circulated through the Gay-Lussac 
tower to the acid produced by the Glover tower. 

7. The NaNO; content of the nitrous vitriol, expressed as 
per cent of the sulfur burnt. 

Solution.—1. As the compositions of the Glover and chamber 
acids are different, these cannot be added together directly to get 
the plant output, before first being converted to a cominon basis. 
Similarly, the sulfur input must also be upon the same basis 
before the efficiency can be figured. Accordingly, the amounts 
of these acids and the sulfur burnt will be converted to the equiva- 
lent of 100% H2SOu., and all other amounts throughout the solu- 
tion of this problem will, in general, be expressed as or converted 
to 100% H2SOx,, unless otherwise stated. 

The Glover acid (60.5°Bé. = 78.55%H2SO,.) will be 
20.25(0.7855) = 15.90 tons and the chamber acid (52.6°Bé. = 
66.03% H2SO.), 5.50(0.6603) = 3.63 tons, giving for the total 
production 15.90 + 3.63 = 19.53 tons of 100% H-SOy, per day. 
If all the sulfur used in the burners were completely converted to 
H.SO,, the production would be 6.70(0.994)(98/32) = 20.40 
tons. Hence, the efficiency of the process is 100(19.53/20.40) = 
95.7%. See Fig. 7. 


2. Basis.—100 mols of burner gas as analyzed. 


Gas Mols Mols O, 
SiQdo S55 cataces Se eee 7.90 7.90 
(Dine & a2 Sree 12D 12.75 
Noa docee Dee 19) BS) 
100.00 7 


MG tall ew yea eresecserals 20.65 O» accounted for 
2), BON OAUY/7 0D) ee eae een ene eee ce 21.09 O» from air 


0.44 O2 to SO; 


SO; = (2/3)0.44 = 0.30 mol 
Total S burnt = 7.90 + 0.30 = 8.20 atoms 
S converted to H.SO, = 8.20(0.957) = 7.85 atoms 


The data which will show the amount of SO, converted to 
H.SO, in the Glover tower will be the compositions of the gases 
entering and leaving it. The analyses of the two gases show that 
they are entirely different with regard to each constituent; 
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therefore, they are not on the same basis. Actually, the gas 
leaving contains less SOz and O2 but the same amount of Nz, 
since the latter element passes through unchanged, and it can, 
consequently, be made the basis of comparison. Using the same 
basis as previously, 7.e., 100 mols of burner gas or 79.35 mols of 
Nz, the percentage composition of the gas leaving the Glover 
tower can be changed to the molal composition on this basis by 
multiplying by the ratio of the nitrogen contents of the two gases, 
viz., by 79.35/80.70. Using this factor, the analysis of the gas 
leaving the Glover tower can be arranged as follows: 


Gas Leaving GLovER TowER 


Basis.—100 mols burner gas as analyzed. 


Gas | Per cent Factor Mols 

SO pe rece Se, mere 6.90 79 .35/80.70 6.78 
Os a eerie eae ea 12.40 79 .385/80.70 12.19 
INGM ae tte Sauer ase 80.70 79 .35/80.70 79.35 
NO tail arches Ae coments 1O0:00F gi il ae See 98 .32 


Comparison of these results with the tabulation of the burner- 
gas data shows that the SO, decrease is 7.90 — 6.78 = 1.12 mols 


31.3tons (60.5 +037 ton No 0; 
10 9.30tons 


S,670 tons 
2040 tons, /00K%H, LS Oy 


401n air, 0.50 ton 


Gay -Lussac 


Product 20.25tons (60.5° 
15.90 tons (100 Yo) 


Fia. 7.—Sulfuric acid problem. Basts.—24 hr. 


and the oxygen decrease, 12.75 — 12.19 = 0.56 mol. Of the 
total sulfur made into H.SO, (7.85 atoms) the conversion in the 
Glover tower amounts to (1.12/7.85)100 = 14.83%. However, 
any SO; in the burner gas condenses as H»SO, in the Glover 
tower. The amount of such SO; has been shown to be 0.30 mol. 
The total SO; converted to acid in the Glover tower is, therefore, 
100(1.12 + 0.30)/7.85 = 18.1% of the entire plant production, 
This value will be used in later calculations, 
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3. The total production of the plant was calculated to be 19.53 
tons of 100% H2SO,, giving 19.53(0.181) = 3.64 tons as the acid 
formed in the Glover tower. From the bottom of this tower 
15.90 tons are drawn off as product, and the difference, 15.90 — 
3.64 = 12.26, represents the chamber acid which is concen- 

12.26 
(264. 8880 
77.1% of the total acid formed in the chambers which is 
returned to the Glover tower for concentration. 

4. The water evaporated in the Glover tower is determined by 
a water balance. The input consists of the water fed to the top 
of the tower in the form of mixed acid, made by mixing chamber 
acid with the nitrous vitriol from the Gay-Lussac tower, and of 
the water vapor in the air used for combustion. The water 
output of the tower includes the water in the acid issuing from the 
bottom and that evaporated, which leaves the top of the tower 
and passes to the first chamber along with the other gases. 

A simplification is made by assuming that no water is gained 
or lost by the H2SOs, circulated through the Gay-Lussac tower. 
A small quantity of acid mist and water is carried over into the 
Gay-Lussac tower by the gases leaving the last chamber, but this 
is negligible compared to the quantity of acid passing through the 
tower. The water input to the top of the Glover tower due to 
the nitrous vitriol is then equal to the water output in the acid 
from the bottom which is sent to the Gay-Lussac tower. Hence, 
the water input may be treated as the water brought in by the 
chamber acid plus the water vapor in the burner gas (originally 
from the air), and the water output as that in Glover acid drawn 
off as product plus the water evaporated. 

The dry-bulb temperature of the air is given as 57°F. and the 
wet-bulb temperature as 51°F. The humidity of the air 
under these conditions is found from humidity tables to be 66%. 
At 57°F. the vapor pressure of water is 0.47 in., so that its partial 
pressure in the air used is 0.31 in. The barometer is 29.45 in., 
whence the pressure of the dry air is 29.45 — 0.31 = 29.14 in. 

The water vapor entering the burners and hence the Glover 
tower due to the humidity of the air, expressed as tons per day, is 
as follows: 


Tons 
crude § | atoms S |mols Ne 
6.70 0.994 | 79.35 


trated in the Glover tower. This is 


mols air |mols H,O 


= 0.5 ton. 
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The chamber acid contains 66.03% H2SOu., the rest being water, 
so that the amount of the latter entering the Glover tower from 
this source is 12.26(33.97/66.03) = 6.31 tons. The total input 
of water, exclusive of that contained in the nitrous vitriol, is the 
sum of these two quantities, 6.31 + 0.50 = 6.81 tons. 

The water output in the form of Glover acid, exclusive of that 
returned to the Gay-Lussac tower, is 


15.90 X 21.45/78.55 = 4.34 tons. 


Consequently, the rest of the output, or 6.81 — 4.34 = 2.47 
tons, is evaporated by the hot gases entering the Glover tower. 

5. With the exception of 0.50 ton of water entering with the 
air, the rest of the water in the product, both that combined 
with SO; to give H.SO, and that used to give dilute acid, is added 
to the chambers. 

The tons of water in the Glover and chamber acids above that 
necessary to make 100% H2SOxz are 15.90(21.45/78.55) = 4.34 
tons and 3.63(83.97/66.03) = 1.87 tons, respectively. That 
combined with SO; to give H,SO, amounts to 19.53(18/98) = 
3.59 tons. The total, less 0.50 ton from the air, is that fed to the 
chambers: 4.34 + 1.87 + 3.59 — 0.50 = 9.30 tons. 

6. The analysis of the nitrous vitriol is given as equivalent to 
2.60% NaNO; and that of the acid formed by mixing it with 
chamber acid is given as equivalent to 1.64% NaNO3. Conse- 
quently, the weight of the nitrous vitriol will be to the weight of 
the mixed acid inversely as the ratio of the equivalent NaNO; 
contents, or as 1.64:2.60. The weight of the chamber acid in 
the mixed acid is 12.26/0.6603 = 18.55 tons, so that, calling the 
weight of the nitrous vitriol x, the above becomes 


x ene 
13.55 22 © 260° 


giving 31.7 tons as the weight of the nitrous vitriol. 

Part of this consists of the N.O3 content, 7.e., (31.7) (0.0260) 
(38/85) = 0.87 ton, leaving 31.7 — 0.37 = 31.3 tons as the 
weight of 60.5° Bé. Glover acid circulated through the Gay- 
Lussac tower. This is 31.3/20.25 = 1.55 times the quantity of 
Glover acid drawn off as product. 

7. The equivalent NaNO; content of the nitrous vitriol is 
31.7(0.0260) = 0.825 ton, or, expressed as a percentage of the 
sulfur burnt, (0.825/6.70)100 = 12.3%. 
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PROBLEMS 


1. Sulfur is to be burnt at the rate of 400 Ib. per hour to produce SO2 
for production of bisulfite liquor used in the manufacture of wood pulp. 
It is proposed to use 10% excess air. It is estimated that the gases wil! 
enter the flue leading to the coolers at 650°C. Furthermore, it is desired 
to have the linear velocity of the gases at this point 5 ft. per second. 

(a) What should be the diameter of the flue? Ans. 2.38 ft. 

(b) The gases leave the absorbing tower at 60°F. What must be the 
volumetric capacity of the suction blower in cubic feet per minute? Ans. 
340. 

2. A contact sulfuric-acid plant using sulfur as raw material uses a number 
of contact chambers with SO; absorbers after the first and last chambers. 
The gas leaving the absorber after the first chamber has 6.0% SO» and 
7.0% Ox. What per cent of the total sulfur burnt is oxidized to SOs; pre- 
vious to this point? Ans. 52.9%. 

3. In a plant producing H.SO, by the contact process, sulfur is burnt to 
SO: in a suitable burner, and the SO, gases pass through a preliminary con- 
tact chamber in which partial oxidation to SO; occurs. This SOz is absorbed 
and the gases then pass to a final contact chamber and absorber. The 
gases leaving the first absorber are 3.85% SO» and 8.27% On. 

(a) Of the total sulfur burnt, what per cent is oxidized to SOs; in the first 
contact chamber? 

(b) What per cent of excess air was used over that theoretically required 

for complete oxidation? Ans. 39.0%. 
~ (ce) Assuming complete oxidation in the final chamber, followed by 
quantitative absorption of the SO;, what is the per cent of oxygen in the gas 
discharged from the system? Ans. 6.95%. 

4. A contact sulfuric acid plant pays 14.4 cts. per unit (¢.e., price per ton 
divided by per cent of total sulfur), f.o.b. mine, and $1 freight per ton of 
ore of the following analysis: 


Pur Cent 
SiR ne Eee ae onc eee pie A Ath, (eng bbe syalncin crap anaees 47 .40 
CRUE A ope His cry camphor Ee a 1.70 
JMS eo By codn Recs Sach Bue ROLE ERC DE ON TR aS Eee CT ara eT 0.39 
HELGE t a EME Trea en eer tone thet ea eaarahars), Seah ater? Tar etenle, ohn 46 .20 
TPL OY rcpt. cx Neck AN ee A EAI GUA ERLE nen ree a 0.47 
UPA Sesh teats PLEUCA ts OE kan ie METER RAR REC. Ie here cae a ra 0.12 
(ra O eRe ree aS ears ha ti rons De eaters cha eta eats 3.72 


The cinder is found to contain 5.2% 5, and the arsenic, lead and zine are 
largely volatilized. The gangue remains unaffected, except that lime and 
magnesia go to sulfates. The plant also recovers 80% of the copper by 
leaching the cinder, at a net profit of 9 cts. per pound of copper recovered. 
Of the total SO. gases going to the contact chamber, 4% pass through 
unoxidized. What is the net raw material cost (allowing for copper recov- 
ered) per ton of 100% H.SO, produced? Ans. $4.25. 

5. A plant is using pyrites A, paying 16.4 cts. per unit, f.o.b. mine, the 
freight rate being $1 per ton of ore. 
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| Pyrites A, per cent | Pyrites B, per cent 


See ee ee eee ee ee eee ee ene nn 


Sivan ohite ait = oan heaton ety a 49.70 49 .40 
a cee as She ten 3.12 0.46 
IAS Et cutee eo teanie ape ecm ee 0.72 0.39 
HO hehs biskecectecvelte, sheusadle ettceco ss 44.00 46 .20 
1 el OR eraiia wee ctets cay ioe ters. 0.86 0.47 
VA SONS A Rene cee rae Se 0.38 0.12 


In the cinder from burning A as well as possible, there is 4.1% 8, but it is 
estimated that the cinder from B will have only 3.2%. This plant leaches 
the cinder from A, recovering 90% of the copper at a cost of 4 cts. per pound 
of copper recovered, its value (less selling costs, etc.) being 12 cts., leaving 
a net profit of 8 cts. per pound of copper. Per unit of sulfur, what can the 
plant afford to pay for B, f.o.b. mine, the freight rate being 50 cts. per ton? 
(See problem 4.) Ans. 9.85 cts. 

6. Pyrites fines are burnt ina Herreshoff burner to form SO» for conver- 
sion to SO; in a chamber sulfuric acid plant. The pyrites used carry 46.5% 
S. The cinder produced carries 2.03% S. The burner gases contain 9.58% 
SO. and 7.51% Ox. The gases are sampled after each chamber, the nitro- 
gen oxides removed from the sample and the residual sample analyzed over 
mercury. The following results are the averages of a number of analyses: 


After first After second After third 
chamber, per | chamber, per | chamber, per 


cent cent cent 
STO BE ee Dane, ar mene 4.87 1.28 Trace 
ONE aro ca ee ees Mae Onod 3.74 3.16 
IN eee Ate nena tno oe 89.76 94.98 96.84 


(a) What per cent of the sulfur fired leaves the burner as SO, in the burner 
gas? Ans. 92.8%. 

(b) What per cent of the sulfur fired is converted into and condensed as 
H.SO, in each chamber, assuming no SO; passes from one chamber to the 
next? Ans. 49.2%, 32.8%, 10.8%. 

7. A plant burns sulfur of 99.6% purity at the rate of 720 lb. per hour. 
The average air temperature is 75°F., and the pressure of the water vapor in 
it is 18 mm. The barometer is normal. The gases leave the burner at 
700°C., and when analyzed over mercury contain 15.5% SOs, 4.5% O2 and 
the rest N». The gases pass through a cooler, and leave the cooler at 65°F. 
They then are passed through a coke tower, to remove from them any 
sulfuric acid mist which may be formed in the cooler. The gases pass from 
the coke tower to an absorbing tower, where they are brought into contact 
with milk of lime to form bisulfites. The gases leave the tower at 70°F., 
and contain 4.7% Oz and no SOz, The bisulfite liquor produced contains 


> 


SULFUR COMPOUNDS 79 


6.95% total SOs, of which 1.25% is “free,” the rest, 5.70%, being present 
as bisulfites. The lime used is 80% CaO and 16% MgO. Calculate the 
following: 

(a) Per cent of total sulfur burnt to SO; in the burner. Ans. 5.2%. 

(b) The air consumption in cubic feet per minute. Ans. 927. 

(c) The heat dissipated from the burner in C.h.u. per hour. Ans. 880,000. 

(d) The volume of gas leaving the absorbing tower per minute. Ans. 
754 cu. ft. 

(e) The lime consumption, pounds per hour. Ans. 523. 

(f) The pounds of bisulfite liquor produced per hour. Ans. 18,120. 

8. In the making of wood pulp by the bisulfite process, crude sulfur 
containing 2% of non-volatile impurity is burnt, the gases are cooled and 
then mixed with ‘“‘recovered”’ gas from the digesters in which the wood pulp 
is cooked with the bisulfite liquor. The mixed gases are absorbed by milk 
of lime, thus giving the bisulfite liquor. The following data are the average 
results of a number of analyses. 


Gas leaving | Recovered gas, Pitre maces te 
absorber, per 
cooler, per cent per cent 
cent 
SO ene ee eee Wc! 19.20 50.00 21.45 
(Ot ee ee oer L370 6.53 2.05 
IN Ee eaten area ashe be 79.10 43.47 76.50 


(a) Calculate the per cent excess air fed to the burner. Ans. 9.03%. 
Calculate per pound of crude sulfur fired: 

(b) Cubic feet of air to burner (dry, 8.C.). Ans. 57.1. 

(c) Cubic feet of recovered gas (dry, §.C.). Ans. 4.5. 

9. A gas works is removing H.S from impure gas from the ammonia 
scrubbers by the use of an iron ore containing on the average 34% FeO; 
and no 8. Air is admitted by a separate duct to the purifiers so that 
the revivification is continuous. When the purifying agent is rejected, the 
analysis is 16% Fe.O;and46%8. A ton of ore is required for each 1,200,000 
cu. ft. of purified gas measured at standard conditions. 

Calculate: 

(a) The volume of gas removed in the purifiers per 1,000 cu. ft. of purified 
gas. Ans. 18.3 cu. ft. 

(b) The volume of air theoretically required per 1,000 cu. ft. of impure 
gas entering the purifiers. Ans. 44.2 cu. ft. 

(c) The number of times the iron may be considered to have been reused, 
assuming an average of 75% conversion each time. Ans. 5.4. 

(d) The increase in the per cent of nitrogen in the final product due to 
the admitting of the theoretical amount of air. Ans. About 3.4%. 


CHAPTER V 
LIME AND CEMENT 


In lime burning the fuel consumption is often expressed as 
the “fuel ratio,” z.e., the pounds of lime produced per pound of 
fuel used. The fuel ratio can easily be estimated from the 
analysis of the kiln gas, provided the compositions of fuel and 
limestone are known. 

Illustration 1.—Consider the burning of pure calcium carbon- 
ate with hydrogen-free coke containing 83% carbon producing a 
gas of the composition 26.5% COs, 5.0% Oz and 68.5% Ne. 
It is required to compute the ratio of lime produced to coke 
burnt, the per cent excess air used in combustion and the amount 
of stack gas per ton of lime. 

Solution.—This problem differs from one in simple combustion 
in that the gas contains not only the products of combustion 
of the fuel but also a reaction product from the charge, 7.e., 
the COz from the limestone. In calculation, this must in some 
way be separated from the rest of the COs, which is a product 
of combustion. The nitrogen present in the gas comes wholly 
from the air used for combustion of the fuel and may be employed 
as the basis of an oxygen balance in the manner illustrated under 
combustion calculations. The free oxygen in the kiln gas is due 
to excess air and, allowing for this, the nitrogen will give the 
oxygen actually consumed in the combustion of the fuel. The 
following computation should be self-explanatory. 
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Basis.—100 mols of dry kiln gas. 


Component | Mols | Mols O2 | Atoms C 

CO OTR eee re er Mente ON Ae ka he 8 26.5 26.5 26.5 
(Oe creel Rept Uiags ie oe ae een ee 0) 5.0 
ING re IR Et Sane eek eee eg 68.5 

Bota Reena nS DY et ie ak eae 100.0 BL 515) 
Dror ire GOS 1/79) nods esac nee be 18.2 
oO) rome stOnee=— OO trom StONne = .4. 4. son cake esis 134/33 
ae © rom Uel—«O)> LOT COMM USHON=—=s ... sane a 1g tee 


.’. weight CaO produced = 13.3(56.1) = 745 lb. 
.’. weight coke burnt = 13.2(12)/0.83 = 191 lb. 
.°. fuel ratio = Ib. CaO/lb. coke = 745/191 = 3.9. 
Per cent excess air = 100(5.0/13.2) = 37.9%. 
Mols kiln gas per ton CaO, 2,000(100/745) = 268. 

Illustration 2.—In practice, however, pure CaCO; is not used 
as the source of the lime nor coke as the fuel. For example, a 
limestone containing, on the dry basis, 42.5% COs and no other 
volatile matter is burnt with coal containing 81.0% C, 4.7% H, 
0.5% 8, 18% N, 4.6% O and 7.4% ash. The analysis of the 
stack gas is 24.4% COs, 4.1% Oz and 71.5% Ne. Compute as 
in the previous case the fuel ratio, the excess air and the stack 
gas per ton of lime. 

Solution.—Since the coal contains hydrogen, all the oxygen 
consumed in burning the fuel will not be present in the dry gas, 
and the previous method must be modified. Preliminary calcu- 
lations on the coal analysis are necessary. 


Basis.—100 lb. coal. 


Constituent Pounds Mols or atoms | Oz required 
Gr. 81.0 6.75 6.75 
18 liege: See mee mM eee cece ANT Qnoo 
(OK Gag 5 ete en Cr rciote 4.6 0.14 
Net H:. 2.05 1.03 


| 
| 
| 
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This table shows that, whereas 100 lb. of coal contain 6.75 
atoms of C, to burn this coal 7.78 mols of atmospheric oxygen 
are required, of which 1.03 mols will not appear in the kiln-gas 
analysis, since it represents oxygen combining with net hydrogen 
to form water. 

Now consider the gas. Obviously, the oxygen present as 
such in the gas is due only to excess air. 


Basis.—100 mols dry gas. 


Osyfrom aire 165 (21,470) eee an nearest oO Oke ks 
Opex Css ss Mae hs anes etaae heh ae ah sees ee he ee 4.1 mols 
Oz required for combustion.................... 14.9 mols 
otaliGs presenti gan ccnsctsteccatne eter een a eee 24.4 atoms 
© from eoal, 1459(6:75/7a0S) eee oe ee a See 12.9 atoms 
Chtromiltmestonemenet 2 ot eee ae ee 11.5 atoms 
Pounds lime, 11.5(44)(100 — 42.5)/42.5! =.... 685 
Poundsicoalee! 219 (100/625) 2 eee eee oe 

Pounds lime per pound of coal, 685/191 =..... 3.59 
Eixcessvair lOO. 14.9) ie eee ees PHRF 
Mols H.O from combustion, 14.9(2.33/7.78) = 4.46 
Total stack gas, 100 + 4.46 =.............:.. 104.46 
Mols gas per ton of lime, 2 000(104. 46/685) = .. 305 


It will be noted that this method involves earmarking and 
setting aside the excess oxygen, leaving 14.9 mols as the oxygen 
necessary for theoretical combustion. Since the analysis of the 
fuel gives the ratio of carbon in the fuel to oxygen required for 
theoretical combustion, it is now possible to earmark the carbon 
from the fuel and get the carbon from the stone by difference. 

The above examples serve to indicate the method of computa- 
tion. The ones which follow show how the method is applied to 
gas-fired kilns and kilns provided with gas-recirculation equipment. 

Illustration 3.—A gas producer supplies the fuel for several 
lime kilns. Although the composition of the gas varies, the 
average of a number of analyses gives 9.5% COs, 20.1% CO, 
11.3% He, 2.8% CH,4 and 56.3% Ne. Samples of the gas 
discharged by the kiln give 27.75% COz, 2.25% O» and 70.0% Ne. 
Find per pound of carbon burnt the number of pounds of lime pro- 
duced from a limestone of the composition 1.54% insoluble, 1.44% 
R.O3 (small iron), 50.07% CaO and 3.54% MgO. 

Solution.—Examination of the kiln-gas analysis shows that 
its carbon comes: from the producer gas and the limestone, its 


1The figure 44 is the molecular weight of COs. 


= 
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oxygen from three sources, fuel, limestone and air, and its nitro- 
gen from both air and fuel. Furthermore, the hydrogen in the 
fuel does not appear in the dry kiln gas. While the selection 
of a basis for calculation is somewhat arbitrary, there being no 
single factor connecting one stream with the others, nevertheless, 
as in the preceding cases, it will be found convenient to choose 
the kiln gas as the basis of computation. 


Basis.—100 mols of dry kiln gas. 


Gas Mols Atoms C Mols O, 
(COCO) 5 ae Se Bh gt ee QLD QE Ph S05 
i Se A ee PERI E ole dade ne ae OF PS) 
INGRROR ee hocords ch. ok ea eh Sb. 70.0 
Cota ane ania Be en? 100.0 212705 30.00 


Now, since the quantities of the other three streams yielding 
this kiln gas are not determinable directly, let 


x = the mols of producer gas. 
y = the mols of air. 
z = the mols of CO, from the limestone. 


Next the data from the analysis of the fuel are tabulated: 
Basis.—100 mols of dry producer gas. 


Gas | Mols | Atoms C | Mols H, Mols O2 
(MOK Bel eee ae a eer ae Oe ee) 9.5 
(COmcs he ae ee oe eee 246). 20.1 pak 10.05 
1865.) Sey, AS A ne Re es GW 
(O18 FAR es Fe a ae 2.8 2.8 5.6 
IRAs oh Ce WR canO Oe Sine ene 56.3 
BO taleeaey Rtas hasan cahs 100.0 32.4 16.9 19.55 


Three simultaneous equations can be written expressing C, Oz 
and N», balances, each on a basis of 100 mols dry kiln gas: 

C balance, 0.38242 + 2 = 27.75 

Oz balance, (0.1955 — 0.169/2)4 + 0.2ly + 2 = 30.00 

Nz balance, 0.5632 + 0.79y = 70.00 
The term, (0.1955 — 0.169/2)z, in the O; balance is the oxygen 
in the producer gas going into the dry kiln gas. It is obtained 
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by subtracting from the total oxygen in the fuel the oxygen 
equivalent of the hydrogen in it, because (0.169/2)z mols of 
oxygen will not show up in the dry kiln gas. These equations 
when solved give: 


x = 45.1 mols of producer gas. 
‘y = 56.5 mols of air. 
z = 13.13 mols of CO: from the limestone. 


Another solution to the problem, not algebraic, follows: 

Basis—100 mols producer gas. The oxygen required for 
theoretical combustion is 32.4 + 16.9/2 — 19.55= 21.3 mols, 
the corresponding amount of nitrogen being 21.3(79/21) = 80.2 
mols. Adding this to the nitrogen already present in the fuel 
gives 136.5 mols as the total nitrogen produced by theoretical 
combustion. Hence, the ratio of carbon from the fuel to total 
theoretical nitrogen is 32.4/136.5. 

Basis.—100 mols dry kiln gas. Turning attention again to the 
kiln gas, it is seen that this contains 2.25 mols of Os, the presence 
of which is due to excess air. The corresponding nitrogen is 
2.25(79/21) = 8.47 mols. The remaining nitrogen, 70.00 — 8.47 
= 61.55 mols, may be designated as the necessary nitrogen 
coming from the theoretical combustion of the fuel. Since the 
ratio of carbon in the fuel to the necessary nitrogen has been cal- 
culated to be 32.4/136.5, the actual amount of CO, from the fuel 
present in 100 mols of kiln gas must be (82.4/136.5)61.53 = 
14.62 mols. The remainder, 27.75 — 14.62 = 13.13 mols, comes 
from the limestone. To calculate the amount of producer gas 
used, it will be noted that it must be sufficient to give 14.62 
mols COz. Since 100 mols of producer gas will yield 32.4 mols 
of COs, (100/32.4)14.62 = 45.1 mols of producer gas will be 
necessary. 

This solution involves earmarking and setting aside the 
nitrogen equivalent to excess air, the remaining nitrogen being 
that corresponding to theoretical combustion. Since the analysis 
of the fuel gives the ratio of the carbon in the fuel to the nitrogen 
for theoretical combustion, it is now possible to earmark the 
carbon from the fuel and get that from the stone by difference. 
This illustrates the fact that earmarking frequently makes it 
possible to simplify computation by using arithmetric methods 
rather than algebraic. Algebraic methods, however, though 
sometimes more cumbersome, are more generally applicable. 


. 
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The above results show that 45.1 mols of producer gas are 
required for 13.13 mols of CO. produced from the stone. This 
gas is equivalent to 45.1(32.4/100)(12) = 175.5 lb. of carbon con- 
sumed in the producer. If the per cent of carbon in the coal 
is known, this figure can be converted into the corresponding 
weight of the coal. Then, in order to calculate the final result, 
namely, the pounds of lime produced per pound of carbon con- 
sumed, the only remaining quantity to be determined is the 
pounds of lime produced, which will be obtained through the 
analysis of the limestone. 


Basis.—100 lb. limestone. 


Pounpbs 
NON-VOLATILE 
TUWVSteVh i e§ (ee og Ss Bice 023 hey eet cee eae ae Sees 1.54 
LEO ais. Scie Fann Ws Green ate cas a We aA ea SORE ae ae 1.44 
(GEO). SS 5 ORAS ete SOE ROREE ME SE EIC TE CE EMEA UAE or OR cae 50 .07 
1 Fe See alaced de CRAB tr ode SRE GARR hr tet IE ey ee ee 8.54 
AOtalenon=VOlabil esta, wrasnrais aie, ato cians ehe-cle’s.-o 56.59 


CO, by difference = 43.41 lb. = 0.985 mol. 


The figure, 43.41, obtained by difference from 100 of the sum 
of the other constituents may be checked against the COs, 
corresponding to the CaO and MgO present. Theoretically, 
the CO. should be 50.07(44/56.1) + 3.54(44/40.3) = 43.15%. 
The useful datum obtained from this analysis is the ratio, 
pounds of lime (non-volatile material):mols of CO2, which is 
56.59 /0.985. 

Returning to the former basis of 100 mols of kiln gas, 175.5 
Ib. of carbon burnt in the producers are equivalent to 13.13 
mols of CO, from the limestone which produces (56.59/0.985) 
13.13 = 755 |b. of lime. The ratio, pounds of lime per pound of 
carbon, is 755/175.5 = 4.3. 

Illustration 4.—An externally fired shaft lime kiln uses a coal of 
14,160 B.t.u. per pound as fired, which contains 78.31% C, 5.26% 
H, 1.55% N, 0.90% S, 6.37% ash and 7.61% O. The kiln burns 
a limestone of high purity, producing on the average 2,000 lb. per 
hour of burnt lime. The average stack-gas analysis is 19.1% 
COz, 6.8% Oz and 74.1% Nz. These gases leave the kiln at 
300°C., and the lime is discharged at 250°C., air teenie 
being 20°C. 

The heat of formation of CaCO; from CaO and CO; at 20°C. is 
42,500 cal. per gram mol. The specific heat of CaO may be 
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taken as 0.18, while that of CaCO; is 0.202 + 0.0001¢, where 
t is in degrees Centigrade. 
Compute the following: 


1. Fuel ratio, z.¢., the pounds of lime per pound of coal. 
2. Excess air used for combustion. 
3. deat distribution in the kiln. 


Solution.—In order to get the coal and gas analyses into more 
useful shape, they will be recalculated as follows: 


Basis.—100 lb. of coal. 


Pounds Mele ot O2 H,O0 
atoms required 
(ONG reas Pet are ts AOR he Ae oe 78.31 6.52 6.52 
1S Litre aes mt el gs alee 5.26 2.61 ae Peo 
Ss 0.90 0.03 
Ox eee (ose 0.24 
ING GEL saat tery cates bh eae te ses 2.22 1 ira! 
7.63 


Sulfur will be converted to SO; in this kiln, being absorbed 
by the lime as CaSO... Deducting the amount of oxygen 


Stone,3Z570 lb, Gas, 460mols 


Coal 745 16, 


Atr, 4l4mols 
Lime,2.000 Ib. 


Fie. 8.—Lime kiln. Basts.—1 hr. 


required for this from the oxygen present gives for the net 
oxygen, 0.24 — (3/2) (0.03) = 0.195 and for the net hydrogen, 2.61 
— 2(0.195) = 2.22 mols. 
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Basis.—100 mols of stack gas. 


Gas | Mols | Atoms C | Mols O2 
COz. a Keven 19.1 19.1 
COSA Rene ie ee ie Ae i rie a 6.8 6.8 
ISFogA 3 > J tele ea a eae age aT IRM 
WS IKGY 11 Ls a A ee Ee naa re a 100.0 19.1 25.9 


From this table the following can also be computed (See Fig. 8): 


Assim senverin ears -AeL (21/0) er war, eaptue eas Rome eels 19.7 
O pRNNR ERC OSS Meee Va ae Oe torte Lit Rake eae ea ee 6.8 
O» required for complete combustion............... 12.9 
RotaeG presenimn Nev chine Lc teen Cece etic a 19.1 
Crromreoa lel 229 (Gi52/inOs) i ee eee iy nays ee 11.0 
CUFT SEONG tee tee Meets potas yh on eee ye oe 8.1 
hameproguced, Sol(OGs) a=. at sae ee hee ee 454 lb. 
Coalmusedsel lO (CLOOVGIO2) = nate igs cles teen tet iin anes 169 lb. 
Pounds lime per pound coal, 454/169 =............ 2.68 
Per cent of excess ain, 100(6:8/12.9) =... 0.0... S27% 
Mols H,O from combustion, 2.61(12.9/7. 63) = ... 4.4 mols 
Mols gas passing through shaft per pound of Bene 
produced: L044 /454 = Ale mie vautacsrs maine a 0.23 mol 
On an hourly basis: 
Rotmds OLMimemroducediait.cieahten cs ccieitete tee. 2,000 lb. 
Pounds of coal used, 2,000(169/454) =............ 745 |b. 


In computing the heat distribution, since the temperatures 
are all given in Centigrade, it will be convenient to perform 
the calculations in C.h.u. rather than B.t.u. The heat of com- 
bustion of the coal is 14,160/1.8 = 7,870 C.h.u. per pound, 
which is the higher heating value. Since the water formed on 
combustion will be vaporized, this should be lowered by the 
amount necessary to do this. Using 10,500 C.h.u. per mol of 
water as the heat of vaporization, this will give 7,870 — 10 500 
(2.61/100) = 7,595 C.h.u. Thus the heat input will be the 
oumber of pounds of coal times the lower heating value, 745 
(7,595) = 5,650,000 C.h.u. 


1 Exclusive of the SO; absorbed, 0.03(12.9/7.63)80 = 4 lb. 
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The heat output is made up of the sensible heat in the stack 
gas, the sensible heat in the hot lime, the heat of decomposition 


and the radiation loss. 


The sensible heat in 100 mols of dry gas plus 4.4 mols of water 
vapor at 300°C. above 20°C. is found by using Fig. 1 (p. 5). 


Basis.—100 mols of dry stack gas. 


Heat content, C.h.u. Differ Sensible 
Gas MOIS. Sits sae ares : Prise ey heat, total 

At 300°C.| At 20°C. ire C.h.u. 

COsden 19.1 | 2,920 180 2,740 52,400 
INGA ODA ot sre sae 80.9 2,070 140 1,930 156 , 000 
‘aie Ri aay Ee 4.4 | 2,530 170 2,360 10,400 
AMO gah ose ne 1: OA5A Pals Mares A hl el ee a agey || eee 218,800 


This and the other items of heat output will be calculated 
per hour. 


Basis.—1 hr. 
C.hu. Per cent 

Stack-gas loss per hour: 

(US;S00/A52) 2/000) =n. tae Se ee 964 ,000 

(064,000//5,650/000)100 = 5... 0c. usenet meoeenetoe 17.0 
Heat in lime: 

PANO OIE) ORO) = PD) SS ossccnebcostasvc 82,800 

(B2ES00//55650; 000) C0 =a eee | nee 15) 
Heat of decomposition: 

(ATO ORION ae va dsagoeseccs ane Se 1,515,000 

CSUR OOOO COON Ss ccouwencowonell  oowoncces 26.8 
Motal heatraccounted fory sa-ceen os same ani) e25002.000 45.3 
Heat loss by radiation, by difference......... 3,088 , 000 54.7 
Totalwheat output = heatinput.... 0... ue 5,650, 000 100.0 


This kiln has an excessive fuel consumption, due to an inordi- 
nately large radiation loss. It should be examined to determine 
the cause of this loss and the defect remedied if practicable. 

Illustration 5.—It is proposed to provide the kiln of the pre- 
ceding problem with Eldred-Doherty recirculation to reduce 
fuel consumption and to protect the lime from overburning. To 
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accomplish this, the kiln will be operated with only 20% excess 
air and the recirculation and furnace operation so adjusted that 
the furnace gases enter the kiln at 1100°C. Furthermore, these 
furnace gases entering the kiln are to contain enough CO and 
hydrogen so that the heat of their combustion will furnish the total 
heat of decomposition of the stone at burning temperature. The 
lime is to be burnt at 900°C. All preheating of the stone will be 
done at the expense of the sensible heat of the kiln gases. No 
attempt will be made to increase kiln capacity. This being the 
case, the same temperatures may safely be assumed for stack 
gases and burnt lime as under present operating conditions, 7.e., 
300 and 250°C. respectively. Furthermore, wall losses by radia- 
tion and conduction will remain unchanged. It is estimated 
that, of these total wall losses, 5% occur in the cooling zone, 10% 
in the lime-burning zone, 15% from the external furnace and 70% 
from the charge-preheating zone in the upper part of the shaft 
and stack connections. 

These assumptions appear to imply a sharp demarcation 
between the zones of preheating and burning the stone, whereas, 
of course, these zones overlap decidedly. Such overlap, how- 
ever, does not affect the heat distribution on the assumptions 
as stated. Actually some residual CO and hydrogen may burn 
in the preheating zone, but in so far as this is the case the gases 
cool correspondingly in decomposing the stone. Effects of this 
sort must counterbalance completely and, therefore, need not 
be considered in computation. 

The molal ratio of CO: Hz, in the furnace gases may be taken 
as 4:1. Even if this ratio be greatly in error, it makes but 
little difference in the results, because the heats of combustion 
of the two are so nearly equal. 

To design the recirculating equipment, it is necessary to know 
the amount of gas to be handled and, to justify the installation, 
the saving infuel. Therefore, the following should be computed: 

1. The percentage saving in fuel which may be anticipated 
from the modified equipment. 

2. The volume of stack gases which must be recirculated per 
hour. 

3. Percentage of the total air supply which enters the furnace 
and percentage entering the bottom of the kiln as secondary 
air. 

4, Analysis of the furnace gases entering the kiln, 
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Solution Examination of the problem shows that the data 
given are the coal analysis, the amount of lime produced, the per 
cent excess air, certain temperature requirements, certain 
physical characteristics of the materials, such as specific heats 
and heats of reaction, and the radiation loss. The problem then 
involves several unknown quantities. One of these is the fuel 
consumption which will be called x. Now the total air used is a 
function of z and so also is the quantity of stack gas. An overall 
heat balance will give the value for z. The fact that some gas is 
recirculated does not influence the gas analysis, for, as a certain 
amount of the gas enters the furnace at 300°C., a like amount is 
discharged from the top of the kiln. 

Therefore, consider a section around the whole kiln. The 
streams of materials entering this system are the coal, the air 
and the stone, while the streams leaving are the lime and the 
waste gas. 

Basis—1 hr. The heat input to the system is 7,5952 C.h.u. 
The heat output consists of the stack loss, the sensible heat in 
the lime, the heat of decomposition and the radiation loss. The 
last three items remain the same as in the previous case, but the 
stack loss is different. Upon formation of 2,000 lb. of lime, 
there will be evolved 2,000/56.1= 35.7 mols of COs. The 
tabulation of the coal analysis given in the solution of Illustration 
4 shows the amounts of CO: and H.O formed and of oxygen 
required for combustion. The combustion products may, 
therefore, be tabulated. 


Source CO2z O, Ne H:0 
Stones eiicordss stents 35.7 
Conlttneccateu sternars ONOGS 2G a) WE fevatae cece hope Case et ee 0.02612 
rheoreticalialr.)saoliet.. ew ecktonwe. ONE come oe miter (0.0763z) (79/21) 
UXCOSS. BP cay cists eat vee eka maaan (0.07632)0.2 | (0.0763z)(0.2)(79/21) 
FROtalvw. tna canes 35.7 + 0.06522 0.01532 0.34422 0.02612 


The heat contents of these gases between 20 and 300°C. have 
already been calculated (p. 88); therefore the stack loss is 


(35.7 +-\0} YEE: 740) + (0.344% + 0.0153) (x) (1,093) + 
(0.02612x) (2,360) = 97,900 + 9342. 


The heat balance may now be written, using the values for the 
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heat of decomposition, heating of lime and radiation loss as 
before (p. 88): 


7,595z = (97,900 + 934x) + 82,800 + 1,515,000 + 3,088,000, 
giving x = 718 |b. of coal. 


With the present installation the fuel consumption per hour is 
745 lb. This means a saving of 27 lb. or of (27/745)(100) = 
3.6%. Consequently, if the installation be justified, it must be 
on other grounds than the saving in fuel. 

Since 718 lb. of fuel will be required, the amount of waste 
stack gas and its composition can now be found. See also Fig. 9. 


Function ns Fraction Per cent 
L= 18 

(CLOT Se ee eee 35.7 + 0.06522 82.6 82 .6/340.6 24-2 
One 234, See AA 0.01532. 11.0 11 .0/340.6 oe 
IN Gree ral Oey oon sh ss ile 0.34422 247 .0 247 .0/340.6 W210 
\ SA ORG wpe sled ce ticle 100.0 

1G Oss ie ye Sod: 0.0261z 18.7 

Motalistack asst |v. soc deem nn 359.3 


The composition of the recirculated gas is the same as the waste 
gas given in the last column. 

In the top of the kiln, this waste gas and the recirculated gas 
must lose enough heat in dropping in temperature from 1100°C. to 
300°C. to preheat the charge to 900°C. and furnish 70% of the 
total radiation loss. The following table shows the fraction of 
the heat supply contained in the waste gas. 


Heat content, C.h.u. Differ- | Mole-3c 


Gas Mols ence, difference, 
At 1100°C./At 300°C.|  C.h.u. C.h.u. 


CO) Ferd tiee tes ats 82.6 2,920 9,580 792 ,000 
Os Nese acrsu. 11.0 + 247 2,070 5,930 {1,529,000 
sO aa ane 18.7 2,530 7,320 137 ,000 


Utada cat AE Rae ree 2,458,000 
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This is a heat loss of 2,458,000/359.3 = 6,840 C.h.u. per mol of 
gas. The remaining calculations may be indicated as follows: 


Average specific heat of limestone, 20 to 900°C., 
0.202 + 0.0001(900 + 20)/2 = 0.248. 


Heat required to preheat limestone, C.n.v. 
2/000(1:00:1;/56: 1)\(0:248) (900520) oa tae ieee 779,000 
Heat loss by radiation in preheating zone and connections (70% 
of total radiation loss), 0.70(8,088,000) =.............. 2,162,000 
Totalvheat requirementinn: jocee acme aise eae ere eae tee ener 2,941,000 
Hurnishedubya waster @asnes sata fete iinet tment we 2,458 , 000 
iRurnishedsby, recirculated! cas ners arte eee gee air eee eee 483 , 000 


Mols recirculated gas, 359.3(483,000/2,458,000) = 70.6 


This is, of course, the total recirculated gas including water 
vapor. Its volume is found to be (70.6) (859) (573/273) =53,300. 
cu. ft. per hour at 1 atm., and represents 


(70.6) (100) 

70.6 + 359.3 

The mols of gas passing through the charge per pound of lime 
produced = (70.6 + 359.3)/2,000 = 0.215. 

It is now required to find the distribution ratio between 

primary and secondary air. The total air is known to be 20% 


= 16.4% of the total stack gas. 


Store, 3570 lb, 


: Coal a6 Lb. Waste gas 
Primary air l48mols , 959.3 mols 
Secondary atr, l65mols 


Fie. 9.—Lime kiln with Eldred-Doherty recirculation. Basts.—1 hr. 


in excess of that theoretically required. Its amount was indi- 
cated when the fuel requirement was computed. There it was 
shown that 247 mols of Nz were used. This would mean (247) 
(100/79) = 313 mols of air. The calculation of the amount of 
either the primary or secondary air will obviously give the ratio 
of one to the other. Insufficient data are given concerning the 
secondary air entering the bottom of the kiln, but the amount of 
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primary air entering the furnace can be determined by using a 
heat balance on the furnace itself, considered as dissociated from 
the rest of the kiln. 

The heat input is the heat content of the recirculated gas plus 
the heat of combustion of the coal, corrected for any carbon and 
hydrogen not burning to CO, and H;O in the furnace. It has 
been shown that the heat content of the waste gas above 20°C. is 
97,900 + 9342 for 359.3 mols, or, since x equals 718, is 767,900 
C.h.u. Therefore, the heat supply of 70.6 mols is 767,900 
(70.6/359.3) = 151,000 C.h.u. If the atoms of carbon burning 
~ to CO are represented by y, the mols of hydrogen present as such 
in the furnace gas will be y/4. The lower heats of combustion of 
CO and Hz are 68,000 and 58,000, respectively. Consequently, 
the net heat of combustion of the coal is (7,595)(718) — 68,000y 
— 58,000(y/4). The total heat input to the furnace is 151,000 
+ (7,595)(718) — 68,000y — (58,000)(y/4) = 5,605,000 — 
82,500y. This heat is used to heat up the reaction products, 
CO, He, HO and Nz (there being no Oz), to 1100°C. and furnish 
15% of the radiation loss. To compute the sensible heat in the 
products of combustion their amounts must first be known. 
Their source is recirculated gas, coal and air. The following 
table is based on the coal analysis and the amount and 
composition of the recirculated gas, and should be self- 
explanatory. 


Total C in gas (CO + COs), Mons 
HOGS 2(ALS) to? 71016(82461/359-3) eee cui e leet e = te 63.0 
Total Hz in gas (H2O + Hz), 
OLO ZENS) Neea7056 8274/35 923) ass sche alstacle ci eee 22.4 
(Cena © ORE a ARR AR roto iehsi hy suas atgetnlea.crahe etre y 
CBee © OCS We cote ae Rese caS yclay ns ie aslanele by oyccletipc dures axe + 63.0— y 
{Bley GIR} IBLSG.Gavee crate nor ycner acaba ee Meeenciee tac tau naier ake a Aten ane y/4 
Hy, as H.O Sach Be S ONbOT OO PSL OAT) CHEN, D: Cp DD Taree CEU E Oy CONT Atay POU Onn cnt eon 22.4 — y/4 
O» required, y/2 + (63.0 — y) + (22.4 — y/4)/2 =..... 74.2 — 0.625y 
O, from recirculated gas, (70.6/359.3)(82.6 + 11.0 + 
SNA) ga SAE une Ate cE eh Meee Betts slaves) ay eevee 20.2 
©, required from air (by difference).................... 54.0 — 0.625y 
N» from air, (54.0 — 0.625y)79/21 = es eee ce Ske =e TOOL 
N, from recirculated gas, 70.6(247. 0/359. 3) = Peete ays 48.5 
Binnie IMEN oR, SRT err MN SAE cry ad Sates eblscisish ev eRapeceehie aes lers 251.7 — 2.35y 


The sum of the diatomic gases is 


y + y/4 + 251.7 — 2.35y = 251.7 — 1.10y. 
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The sensible-heat contents of the gases are given below: 


Difference = 


Heat content, C.h.u. 


Gas —_________—_—— | sensible heat 

At 1100°C.| At 20°C. [per mol, C.h.u. 
COR cher a it eee e peo tenn 180 12,320 
NEE COL Ad oh ana nee 8,000 140 7,860 
Uae RNP eae Rele Lines ries 9,850 170 9,680 


Hence, the sensible heat of the gases is 


(63.0 — y)(12,320) + (251.7 — 1.10y)(7,860) + (22.4 — y/4) 
(9,680) = 2,971,000— 23,390y C.h.u. 


The radiation loss is 0.15(3,088,000) = 463,000 C.h.u. Equat- 
ing heat input to heat output gives an equation in y, namely, 


5,605,000 — 82,500y = 2,971,000 — 23,390y + 463,000, 


which, when solved, gives y = 36.7. 

If the oxygen required in the form of primary air is 54.0 — 
0.625y, then the primary air is (54.0 — 22.9)(100/21) = 148 
mols. This is 47.3% of the total of 313 mols required, whence 
the secondary air is 165 mols, or 52.7%. 

The heat liberated by combustion of the coal in the furnace 
= (7,595) (718) — (68,000) (36.7) — (58,000) (36.7/4) = 2,425,000 
C.h.u., which is (100) (2,425,000) /(7,595)(718) = 44.5% of the 
total heat of combustion of the fuel. 

Knowing y to be 36.7, the composition and the amount of the 
furnace gas can be found: 


Gas Function | Mols Fraction Per cent 
CO SPT tee Retry an capeeen 63.0 — y 26.3 26.3/237.7 lg Bah 
COR cto une bt ee oe y 36.7 3690/2371 .0 15.4 
FESy Seo h vin ence ie aoe y /4 9.2 EP Pee Se 
DN pret epee Meme aee a mean tegted 251.7 — 2.35y) 165.5 | 165.5/237.7 69.6 


As a final check on the system, the temperature to which the 
secondary air is preheated should be calculated. The heat taken 


. 
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up by the air is equal to that given up by 2,000 lb. of lime in 
cooling from 900 to 250°C., or 2,000 X 0.18 X (900 — 250) = 
234,000 C.h.u., less the radiation loss in this zone, which is 5% 
of 3,088,000, or 154,000 C.h.u. There are 165 mols of secondary 
air to pick up this heat, 80,000 C.h.u., corresponding to 485 
C.h.u. per mol. Since a mol of air has a heat content of 140 
‘C.h.u. at 20°C., it will be heated to the temperature at which 
its heat content is 625 C.h.u. per mol. From the heat chart 
this is found to be 93°C. 

The following table exhibits a comparison between the quanti- 
tative behavior of the kiln with and without the recirculation 
system. Compare also Figs. 8 and 9. 


Without With 
recirculation | recirculation 

Pounds lime produced per hour.............. 2,000 2,000 
Pounds lime per pound coal..-..:.......225. 2.68 2.78 
MOTE COM ROK CESS GATE cate hac bs asa eoe re ete as Sei 52.7% 20% (fixed) 
AP Oa RIS CCM cae Sete ccy acetate, Fiafaic esate Renal shaeit 745 lb. 718 lb. 
Mols gas through lime per pound lime........} 0.23 mol 0.215 mol 
Per cent stack gas recirculated............... 0% 16.4% 
Cubic feet stack gas recirculated per hour..... 0 53, 300 cu. ft. 
Per cent total heat of coal lost up stack....... 17% 14.1% 
Per cent lower heating value of coal in sensible 

CAROLS IN Orie ot. AA ae oa we ie esis 1.5% 1.5% 
Per cent lower heating value of coal used to 

CECOMPOSS TIMES. ts se tste suse sf aiete apes eheloaiars 26.8% 27 .8% 
Per cent lower heating value of coal to radia- 

POMEL Cee Rescrs: a kenishe, stetehe ws, ei oltre odd, esse 54.7% 56.6% 
Per cent lower heating value of coal liberated 

THB) A RDU GLEYENETS ie, le RIM Se tae aU ee 100% 44.5% 


It can readily be seen from the results obtained that the advan- 
tages of the Eldred-Doherty recirculation system lie not in fuel 
saved nor in lower costs of operation, but in the higher qual- 
ity and greater uniformity of the product. 

Illustration 6.—The following data were obtained from a test 
on a rotary cement kiln, 185 ft. in length and 76 in. in outside 
diameter. The raw mix was fed from a storage bin through a 
cast-iron pipe set in the brick stack chamber. This dropped 
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the charge into the rear of the kiln, whence it passed down 
toward the fire end, the time in the kiln being about an hour 
and a quarter. The fuel was finely powdered coal, from 100 to 
200 mesh, blown in by compressed air under from 60 to 70 lb. 
pressure. From the fire end of the kiln the clinker dropped into 
a cooler, a cylindrical steel shell lined with fire brick, similar to 
the kiln but smaller in size. The clinker was cooled by cold air 
from the room entering at the lower end of the cooler, flowing 
countercurrent to the clinker and feeding from the upper end 
into the kiln, furnishing the main air supply. 

The object of the test was to determine, first, the coal consump- 
tion and raw mix required per 100 lb. of clinker produced and, 
second, the heat distribution. 

The only weight measurement it was practicable to take was 
that of the cement produced; this was corrected for the gypsum 
added in order to get the clinker. Although the coal was 
weighed automatically for the entire plant of 25 kilns, some of 
these were 8 and some 10 ft. in diameter, with widely different 
production and fuel consumption, so that the amount of fuel 
used in the kiln in question could not be measured directly, 
but had to be calculated from other data obtained in the test. 

It should be noted that the temperature of the flue gas is 
probably somewhat in error. This was measured by a thermo- 
couple inserted in the gas, which radiated heat to the colder walls 
and therefore read lower than the true temperature of the gas. 


Data 

Durationol-test:..cxe ec, eo eee es 8 hr. 
Cement produced (clinker plus gypsum)..... 41,260 lb. 
Gyipsumivad ded jasc tiannys: nis Reece cee een 1,280 lb. 
Clinkersprodiceds nectar eae 39,980 lb. 
Temperatures: 

Clinker falling from kilns eae 2424°R, 

Maximum kiln temperature............. 2767°F, 

Clinkenjleaving*cooler) neon ae 1100°F. 

HlWe: Bases dear ond cet es ee Ee ee 1411°F, 
Entering air: 

Wiet bulbs cae ccc teres ee ey ere ae 23 .6°F. 

Dry, bulios, enki cg are hee eee 27 .6°F. 
Bardmeter......... SY Ntucicte eome PAO ae alia: 


Anemometer, point of air entrance to cooler. 244 ft. per min. 
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Average flue-gas analysis: Per Cent 
EUS Fcee eile ars SMR ee ED ee mE a 25.39 
\ OY ie ocs Sie chet ame 0.89 
(LO), Beene Sn OL eS ee ene ee RERUNS 0.08 
ING Yee a cace ee hea onan em oe Ca yiciiaks oe: Sesser ee ReReT 73.64 
Clinker analysis: 
CERO AS SW Aes Bir eon ie ns, anne er 63 .42 
INTRO EN eeenies total eh eicetn estan hte ae eters, 3.28 
Fe.Os;, Al,0O; PeRA So eMeN eae Neiecl sre Poles oc oticce Gewereuallel act ipl 
SIRO ES ota oie tener oreeele Baer See ne Ser aa 20.80 
ROE rea nec Cap Nate MS cRcccis een ae nea a eR a 0.63 
Raw-mix analysis: 
(CLO. Wickes ey ee Ba ere ne ee 33 .34 
Ce OR ee eaten ete Sage ic Shion vp NE 41.97 
ISI Oper teeter eGR /as erect tort ants We Spee 13 .00 
Fe,0s, Al,O3 cro relcaleagete we) aret aivarvaiifelieWes. o teMalee Martenieuiar’e 76 00 
INT gO Aiieieerns Se ee eo. 2. ay wept 2.50 
Cralplatbemer cer tek nscale oceetiticel stagnant nant 0.65 
Fes: amo gee toaa.ceo aaohtemaldo ool 6 4 bls corero no 0.56 
TBE Oe ch avers cite Snes et OR ROT cS 0.71 
Coal analysis: 
CR Wrasse shou y emer Ae i Sr udey oy Ok 64.59 
1B er Bea cy. Cec WER EHR Be a tes A ae A 5.07 
iS RG Senos oa Roe Oe AN wR 1.76 
INE Loa 3 Se cate hye ae ne ees rare eel 
Cy Peco te oerr soe ia PAA Ine oreed Paseo SE 5.97 
IMIGISGUTC mee cine ric itire eens cera as 0.86 
INS A 3 ii sn ba Recs A ORORRE EE TON Regs tee a 20 .04 


Heat of combustion, 12,160 B.t.u. 


Solution.—There are three streams of materials entering the 
kiln: air, coal and raw mix; and two leaving it: clinker and stack 
gas. Thus the problem involves the relation of these five quanti- 
ties. By a nitrogen balance, however, the air used is a direct 
function of the gas evolved, thus reducing the quantities to four. 
If one of these is made the basis of calculation, three are left as 
unknowns. Let the basis of calculation be 100 lb. of clinker and 
the unknowns: 


x = the pounds of coal per 100 lb. of clinker. 
= the pounds of raw mix per 100 |b. of clinker. 
= the mols of dry stack gas per 100 lb. of clinker. 


x & 
| 


Assume that all the ash from the coal enters the clinker and 
neglect the difference in composition between the clinker and the 
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burnt portion of the stack dust. It is true that the alkalies 
concentrate in the stack dust due to volatilization; but, as will 
immediately appear, the ratios of raw mix, coal and stack gas 
to clinker are computed by balances involving other elements 
than the alkalies and, since the amount of dust is not large and 
the percentages of these other elements in it do not differ greatly 
from those in the clinker, the error due to dust is slight. It 
does, however, follow that the term 100 lb. of clinker used as a 
basis is the sum of the clinker actually discharged from the firing 
end of the kiln plus the corresponding amount of burnt clinker 
going up the stack as dust. Any unburnt raw mix going up the 
stack as part of the total dust does not appear in the computations 
or affect them in any way. 

To determine these three values, three equations will be neces- 
sary. The first of these will be an oxygen balance, the second 
a carbon balance and the third an equation of input to output of 
non-volatile oxides. 

Before setting up the actual equations, the various analyses 
should be reevaluated in order to arrive more readily at the proper 
figures to be used. 


Basts.—100 mols of dry stack gas. 


Gas Mols | Atoms C Mols O, 
COs; 
aoe 25.39 25.39 25.39 
CO qieié, 610. 6 @)e @, ate le ce Vee, 0 Mee een 0 89 a BK 0.89 
POSE Rehan ihindat ay alas rine ates 
DS pleveuh te. 4 0) ella) Bre 10L.0..6) 10) os’ eljer ete lave 73 64 
Motabe cea eens rn ene Sane 
otal 100.00 25.47 26 32 


Pounps 
Ca Orc iis conanp vty eee hasten eee ee ee 63 .42 
Mg Ored is icSeen spied Ge bone ee ane ere 3.28 
Fe.Os, Al,O3 niisiex ahaa, co Nr rs.s01T®, (gt ‘sien dl ah o/islee verre Levies eipalaite: rarteuieneiceeciemene 11.42 
SHORT ara eiysiclra taal hake oa Cpe Seve on nn i oan 20.80 
Non-yolatiesoxidess | Hisncs 4c techs wee en ee 98 .92 
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Basis.—100 lb. raw mix. 


Pounds EC oraue Atoms © 
oxides 

COE eee RN eee Be SOR Oden eee ae 0.758 
(CEN). d cease Shee ae een eee 41.97 41.97 
SHG 4 a:s\albed a Bigs eee ee 13.00 13 .00 
Fe:0;, Al,O; a eM aN puctloweNa\ an harciattonse Ta 7 00 7.00 
IMA )s 5 te OR eee 2.50 2.50 ; 
(Crapiitennss stereos eee ORGS 7 S| eens é 0.054 
JERS 6 tools & eee ae ae 0.56 0.37(Fe203) 
15150) oy eon Se ee ae Oe 0.71 

Aiotale ses... Se Reine WO ten ee oe 64.84 0.812 

Basis.—100 lb. coal. 

| Pounds Mols or atoms 

Gis eis a ee eee er 64.59 5.38 
TE tech ey SUS ie es ee 5.07 2b 
Dio eho Se RE ere ae ee ere aren 1.76 0.05 
INP sence tc kee Sa tat are Teo: 
hy acead: owe rege eee ee eh pee 5.97 OFST 
Moisture..... 0.86 0.05 
FASTIN CERRO Tete hte eas eo 2 20 .04 
Neteller ono lsc OM GUM tee yc reel, i leet ne 24 


Although there is some sulfur in both the coal and the raw mix, 
it is assumed that the stack gases contained none, since it is 
largely absorbed as sulfate by the lime and alkalies in the clinker 
and stack dust. Since the analysis of the clinker shows that over 
half the sulfur from the pyrites was converted to SO; and since 
the amount of FeS, present is small, little error will be introduced 
by assuming complete combustion to SO; by the reaction, 

AFeS, a 150, = 2Fe203 + 8503. 
Therefore, 15 mols of oxygen are required for every 4 mols of FeS.. 
Likewise, the sulfur in the coal will be considered as oxidized to 
SO3. 

For the oxygen balance, the following equality must hold: 
(O2 from air) + (Oz, from raw mix) = (O2 in stack gas) + (Oz 
for net H, in coal)+ (Oz for S in coal) + (O2 for FeS, in raw 
mix). In this equation O2 means only that oxygen which affects 
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or is affected by the dry stack gas. Thus, combined water and 
moisture in the coal do not enter into account, nor does the 
oxygen in the form of the non-volatile oxides, such as CaO, 
MgO, Al.Os, etc., come into consideration; yet the oxygen in the 
form of CO, in the carbonates in the raw mix must be allowed 
for, since it passes into the stack gases. Using the values ob- 
tained in the tabulated analyses and employing mols throughout, 
the oxygen balance becomes 


0.73642(21/79) + 0.00758y = 0.26322 + 0.02147/2 + 
0.00052(3/2) + (0.0056 /120)(15/4)y. 


Upon simplification this reduces to 
0.00740y — 0.01152 = 0.06742. 
Similarly, setting up the carbon balance—(C from coal) + 
(C from raw mix) = (C in stack gas)—gives the following 


equation: 
0.05382 + 0.00812y = 0.25472. 


The equation for the non-volatile oxides is: Oxides from raw 
mix + Ash from coal = Oxides in clinker, giving 
0.6484y + 0.20042 = 98.92. 


Solution of these three equations gives the following values: 
x = 29.3 lb. of coal. 
y = 148.5 lb. of raw mix. 
z = 10.75 mols of stack gas. 


Based upon the original analyses and the assumptions regard- 
ing the combustion of sulfur and pyrites in the raw materials, 
the above values represent a rigidly correct solution of the prob- 
lem. The use of an equation involving the sum of all the non- 
volatile oxides is new, since heretofore balances containing only 
a single element or oxide rather than a group of elements have 
been employed. Furthermore, a direct solution based on any 
one non-volatile component is impossible, since the analysis of 
the coal ash was not made. It will be noted, however, that, in 
the non-volatile oxide balance, the term ‘‘ash from coal’’ is 
small compared with the other two terms. Hence, although an 
error in the ash or its composition will produce the same numerical 
error in the other terms, the percentage error will be very much 
less. If, now, the composition of this ash can be assumed to 


be 10% CaO, 45% SiOz and 45% AlzO3 + Fe2Os, lime, silica and 
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alumina plus iron balances can be written for the kiln. Equat- 
ing the lime input in the coal and raw mix to the output in the 
clinker, 

(0.10) (0.2004)a + 0.4197y = 63.42. (1) 
Similarly for the SiOz, 


(0.45) (0.2004) + 0.1300y = 20.80, (2) 
and for Al,O3 = Fe203, 
(0.45) (0.2004) + 0.0700y = 11.42. (3) 


Combining and solving, Eqs. (1) and (2) give for y, 150; Eqs. 
(2) and (3) give for y, 156; and Eqs. (1) and (3), 150. The 
solutions involving a lime balance are probably most accurate, 
whence, using this approximate method, the value 150 would 
be assumed correct. This differs by 4.5% from the value 143.5 
previously found. 

The value of « must not be determined from these last three 
equations, since the quantities containing x as a factor have been 
estimated. As before, the relation between the coal on the one 
hand and the clinker and the raw mix on the other can be 
determined accurately only through the stack gas. Using the 
equations for oxygen and carbon balances already worked out 
and inserting the value 150 for y, the following result is obtained: 


0.00740(150) — 0.01152 = 0.06742, and 
0.0538x + 0.00812(150) = 0.25472. 


Solution of this pair of equations gives 30.7 for x and 11.25 for z. 

This approximate solution serves to indicate with what pre- 
cision values may be obtained when based upon an assumption 
such as the above. In the following calculations on the heat 
balance, the results obtained by the more rigid method will be 
used. 

Heat BALANcE 

Normally, a heat balance is based upon the temperature of 
the surroundings, but in this case 32°F. will be taken as a base 
line, partly for convenience (since the heat chart available is 
based on this temperature and does not go below it) and partly 
to emphasize the fact that any reference point desired may be 
employed. Furthermore, although in furnace practice the heat 
balance is most frequently based on the higher heating value 
of the fuel as directly determined in a bomb or Junker’s calori- 
meter (therefore including the heat of condensation of all water 
resulting from the combustion of the fuel), in this case the lower 
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heating value will be employed. The use of the higher heating 
value is, in a very definite sense, illogical, because industrial 
furnaces are almost never in a position to recover this heat of 
vaporization of the water from the fuel, and hence to charge 
them with it in reporting their efficiency tends to give a distorted 
impression of their performance. 

The heat balance will be that of the cooler and kiln combined. 
Here also the basis of calculation. will be 100 lb. of clinker. 

Heat Input.— Heat of combustion of coal, 


29.8(12,160) = 356,000 B.t.u. 
Heat of vaporization of water formed on combustion, 
29.3(0.0251 + 0.0005) (18)(1,073) = 14,500 B.t.u. 


The value 1,073, taken from the steam tables, is the heat of 
vaporization of water at 32°F. in B.t.u. per pound. 
Net heat input from coal, 356,000 — 14,500 = 341,500 B.t.u. 
Graphite has a heat of combustion of 94,800 C.h:u. per atom 
of carbon, and the heat of combustion of FeS:, when burning to 
Fe.O3 and SOsz, is 246,100 C.h.u. per mol. The heat input due to 
the presence of these two substances in the raw mix would, there- 
fore, be 
143.5[0.00054(94,800) + (0.0056/120)246,100]1.8 = 
16,300 B.t.u. 
Adding this to the 341,500 B.t.u. already calculated gives 357,800 
B.t.u. as the total heat input. 
Heat Output.—1. Heat of reaction. Among the reactions which 
may take place in the kiln are the following: 
CaCO; = CaO + COe2 — 42,500 C.h.u. 
MgCO; = MgO + COz — 28,900 C.h.u. 
CaO + SiO. = CaSiO3 + 17,400 C.h.u. 
2CaO + SiOz = Ca2SiOu + 28,400 C.h.u. 
Al,O; + SiOze = AleSiO; — 12,000 C.h.u. 
Ai.O3 + 28102 = Al,8i20 7 + 14,900 shure 
CaO + Al,O3 = CaAl.04 a 3,400 C.h.u. 
Regarding these reactions and the analyses of the raw mix 
and clinker, the following assumptions will be made: 
All the MgO in the raw mix is in the form of MgCOs. 
The rest of the carbonate in the raw mix is CaCOs. 
Any CaO not present as carbonate is present as CaSiO3. 
The CaO in the ash from the coal is in the form of CaSiO3. 
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The amount of the ash is small and this last assumption is of 
relatively little importance. 

Part of the CaO in the clinker is present as Ca,SiOu, part as 
Ca;Si0; and the rest as Ca,Al,0; and Ca3Al.O,. The thermo- 
chemical equations show that the addition of 1 mol of CaO to 1 
mol of SiO. evolves 17,400 C.h.u. and of 2 mols of CaO to 1 mol 
of SiOz an additional 11,000 C.h.u., or a total of 28,400 C.h.u. 
It is well known that successive additions of base to a polybasie 
acid generate progressively decreasing amounts of heat for each 
equivalent of base added, and where three equivalents may be 
added the heat effect corresponding to the third is nearly negli- 
gible. Thus, it may be assumed that the heat of formation of 
tricalcium silicate is also 28,400 C.h.u., 7.e., the heat of addition 
of lime to CaSiO; may be taken as 11,000 C.h.u. per mol of sili- 
cate, independently of the amount of lime added. 

In the analysis of both the clinker and raw mix, the Al,O3 
is reported with the Fe.0O3. Although this is largely Al2Os, it is 
not known whether it is combined with 1 or 2 mols of SiQ2 per 
mol of Al,O3. In any case the heat of one reaction is positive 
and of the other negative, so that the heat of decomposition of 
the aluminum silicates is small. Likewise, the amounts finally 
present as CazAl.O5 or as CasAleO¢ cannot be determined, but 
here again the data indicate that the heat of formation of calcium 
aluminates is also small. It will be assumed that these two offset 
each other, 7.¢., the net heat effect of the two is practically zero. 


Basis.—100 lb. clinker. 


From raw mix: 


IMolsn© Ore ="0! 758 (EASb hs acne ea ae ieee 1.088 
MolseMz Or 0.062 (ASD) =a ies celeste ore 0.089 
IMoist@a@rasi@a COg — eae rea acclimate le 0.999 
MotalamolssCa@On—LOs(O0Ctdoo ts ann eres we cir LOT 
IMGISSas Cal O axeyan cba gee are iatero a aeetecks lecrsheva.srs oan OOM 
IMolsiSi@O pa =10s2 16 (n435) babe aaiete seers ses oooenar 0.310 

0.233 

From clinker: 

AROIIMCHO), Gy 27 sudo boo enon UO Dome! ih aa 
Ato) SMKOn, SOKO OP ea bab 99 006 ho Cady. oom 0.346 
CaO Mromeccal, Walsl = 1.076) =anetesne ola 0.055 
SiO, from coal, 0.346 — 0.310 =................ . 0.036 


The values of CaO and SiOz from the coal are obtained by 
differences of relatively large quantities, but are near enough to 
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justify the original assumption that the lime and silica were 
combined as CaSiO; in the coal ash. Of the total SiO»2, 0.346 
mol, 0.077 + 0.036 = 0.113 mol is already combined as CaSiOs; 
the rest, 0.233 mol, is either as free silica or combined with 
alumina. Using these figures and the heats of formation, the 
heats of reaction may be calculated. 

1. Heat absorbed. 


C.4.U. 
Decomposition of MgCO;: 0.089(28,900) =........ 2,570 
Decomposition of CaCOs: 0.999(42,500) =......... 42 ,460 
Rotal:absorbeds —ie.w se cer, see tre Cyn teeee 45 ,030 
2. Heat evolved. 

Addition of CaO to CaSiO;: 0.118(11,000) =........ 1,240 
Reaction of SiOz with CaO: 0.233(28,400) =........ 6,620 
TRotabevolved!. =F kcahoe aaeie ote an eae 7,860 

3. Heat of reaction. 
CLR —=(2).0 45 030-4 860 has eae eee ae 37,170 
(BT N70) MRL A wt LA eee eet 66, 900 B.t.u. 


It is recognized that this result is somewhat arbitrary. In the 
absence of complete analyses and adequate thermochemical 
data, this must necessarily be so. However, the heats of reac- 
tion of those substances present in large amount have been 
calculated and the final figure is reasonably accurate. 

2. Sensible heat content of gases. 

Basis.—100 mols dry stack gas. 

Water vapor from air (pressure H20 = 2 mm.): 


Mols N2} Mols air 
73 .64 100 2 


79 758 = 0.246 mol H.O 


Water vapor from charge: 


Pounds 
charge 
143.5 


Mols gas 
100 


= 0.526 mol HO 


Water vapor from combustion of coal: 


Pounds 
coal 
20e3 


Mols gas 
100 


(2.51 + 0.05) 


= 6.99 mols H.O 


10.75 
Total water vapor, 0.246 + 0.526 + 6.99 = 7.76 mols. 
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Sensible heat content above 32°F.: 


Heat content, 


Gas Mols B.t.u. at ees ee 
1411°F. eat conten 
(CO rs Seu ae oe ee 25.39 15,000 381,000 
CO"Or Ns eae Se 74.61 10,000 746 , 000 
ETC OR me ee te ohne boc: 7.76 12,200 95 , 000 


1,222,000 


Basis.—100 lb. clinker. 
10.75(1,222,000/100) = 131,500 B.t.u. 
3. Potential heat in gas due to CO. 
10.75 (0.0008) (68,000)1.8 = 1,052 B.t.u. 
4. Sensible heat in clinker —Assume 0.25 as its average specific 


heat. 
100(0.25)(1,100 — 32) = 26,700 B.t.u. 


5. Heat required to bring charge, coal and air to 32°F.—Assume 
0.20 as the specific heat of the solids and use 6.7 as the molal heat 
capacity of air. 


6. Heat of vaporization at 32°F. of water in charge. 
(143.5) (0.0071) (1,073) = 1,093 B.t.u. 


Summary or Heat DistrisuTIon 


B.t.u. Per cent 
EfeateInp Ut ee ence cect em, Mo custo tata elsah sates 357 , 800 100.0 
Heat output: 
Skea GhivineeKQ Annie, 5.5 ce.did woot oote don 66 aoe 66, 900 18.7 
Sensiblewheaturligagiys «iit ctyers ais els wie eles 131,500 36.7 
PotentialeheaheM. Gases ys vies 2+ « ole 1,052 0.3 
Sensiblesheatomiclinkeri 2 aa0...0sets 26 , 700 Choios 
Heat requiredifor.charge..4..-3.2......--. 449 0.1 
Heat to vaporize water in charge........ 1,093 0.3 
Heatmloss moyiGiilerencolaemjertcs stele = 130, 106 36.4 
Heat output = Heat input.............. 357 , 800 100.0 
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PROBLEMS 


1. A limestone containing, on the dry basis, 45% CO: and no other vola- 
tile matter is burnt with a coal containing 74.8% C, 5.7% H, 9.8% ash, 
1% N, negligible S and 8.7% O. The analysis of the stack gas is 25.3% 
CO», 3.8% O, and 70.9% Ns The stack gases leave at 500°F. and 760 
mm. The airis dry. Calculate: 

(a) Pounds of lime produced per pound of coal. Ans. 3.30. 

(b) Per cent of excess air. Ans. 25.2%. | 

(c) Cubic feet of stack gas per ton of lime. Ans, 220,000. 

2. The gases from a shaft lime kiln externally fired are 20% CO2, 5.2% 
O, and 74.8% No, and leave the kiln at 390°F. The coal used has a heating 
value of 13,060 B.t.u. per pound, and its analysis is 77% C, 6% H, 1.2% N, 
1.1% S, 7.5% ash and 7.2% O. The limestone contains 81% CaCOs, 
6% MgCOs, 10.5% inert and 2.5% moisture. The air enters at 70°F. with 
a vapor pressure of water of 12.2 mm., the barometric pressure being 758 
mm. ‘The lime leaves the kiln at 508°F. 

The heat of formation of MgCO; from MgO and CO: at 70°F. is 26,300 
g. cal. pergram mol. Thespecific heat of the burnt limeis 0.18. Calculate: 

(a) The fuel ratio, i.e., the pounds of burnt lime produced per pound of 
coal, Ans. 2.67. 

(b) Per cent of excess air. Ans. 35.4%. 

The heat distribution in the kiln, expressed as per cent of the heating 
value of the coal burnt, composed of the following items: 

(c) Sensible heat in the waste gases. Ans. 10.45%. 

(d) Latent heat in the waste gases. Ans. 6.438%. 

(e) Heat of decomposition of lime. Ans. 23.19%. 

(f) Sensible heat in the lime. Ans. 1.67%. 

(g) “Radiation and unaccounted-for” loss. Ans. 58.26%. 

8. An Eldred-Doherty lime kiln, burning a very pure limestone con- 
taining on the dry basis 2.0% SiOs, Al:O3, Fe2Os, etc. and only a trace of 
magnesia, uses a coal of the following ultimate analysis: 3.8% moisture, 
67.2% C, 5.8% H, 3.2% S (mainly as pyrites), 0.8% N and 11.4% ash. 
The gases going to the stack are 26.9% CO:, 2.8% O2 and no CO. It is 
desired to determine what per cent of the total gases leaving the top of the 
kiln are recirculated. This is done by carefully sampling and analyzing the 
gases passing over the fire-bridge wall from the furnace, and they are found to 
contain 0.4% SO2, 14.2% COs, 13.9% CO, no Oz, 1.1% illuminants (C2H,), 
0.7% CH, and 3.7% H». Calculate: 

(a) The per cent of the kiln gases recirculated. Ans. 21.9%. 

(b) Pounds of lime produced in this kiln per pound of fuelburnt. Ans. 
3.50. 

(c) The per cent of the total air used which was admitted to the fire box. 
Ans. 34.2%. 

4. It is desired to determine the fuel consumption per barrel (380 lb.) 
of cement clinker discharged from a certain rotary kiln, neglecting any 
dust going up the flue. The powdered coal employed comes, however, from 
grinding equipment which also serves several other kilns, and on account of 
this difficulty and fire risk it is deemed inadvisable to attempt to isolate the 
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fuel of this kiln for weighing. Calculate the desired figure from the follow- 
ing analytical data, the first three analyses coming from the control labor- 
atory, and the rest of the data being obtained for this particular purpose: 


Cement rock | Per cent | Limestone Per cent Coal | Per cent 
SiOb ue arsis oo 22 .22 KO 2 eae err enrece EOD [KC eerie no 79.77 
INS @ MG ee eae TORS AE BEY ay ae ae 4.65 
Hes@gsrecdes.5s 0.92 Fe ee ; Rete Meeiet |e Ot 
CaAQEee aera x 35203 RSet Nig eraaen ue 1.83 
INOS Ao Cae 2.19 5A are Oe tyre 4.59 
CORSE We tae ae 30.29 | Alkalies, etc...| Trace | Ash......... 8.64 
Alkalies, etc...} 1.60 


The cement rock andlimestone are mixed and ground in the ratio of 100: 32 
by weight. The air for combustion is at 16°C., and 37% saturated. The 
barometer is 750 mm. The analysis of the flue gases is 27.4% COs, 0.4% 
CO, 1.2% Ozand71.0% No. The flue gases have a dew point of 35°C. Ans. 
By carbon balance, 80.1 assuming no loss of alkalies or 81.5 assuming 
complete volatilization; by hydrogen balance, 78.2 or 79.7. 


CHAPTER VI 
STOICHIOMETRY OF FURNACE AND KILN DESIGN 


This is obviously not the place for a detailed discussion of 
furnace design, involving as that does the chemistry of combus- 
tion, flow of fluids, transmission of heat by both radiation and 
conduction, the complicated chemical relationships of the par- 
ticular reactions for which the furnace is built, the choice of suit- 
able refractories, proper mechanical construction, provision for 
insulation, ease and accuracy of operating control, labor-saving 
devices and the like. For any such design, however, the first 
step which must be taken is the solution of the stoichiometric 
problems involved. 

In every problem of design certain conditions are fixed by the 
very nature of the case. Thus, in designing a furnace for the 
production of nitric acid, it is necessary to give the capacity 
which the furnace must have, the allowable excess of decomposing 
acid which may be used, but must not be exceeded, the maximum 
allowable rate of evolution of the gases and the like. On the 
other hand, the designing engineer himself would make certain 
assumptions. These assumptions are frequently equivalent to 
setting up an ideal which may or may not be possible of actual 
realization. The designer must base his computations on both 
fixed conditions and assumptions, checking his quantitative con- 
clusions with the greatest care to make sure that the final design 
is a consistent one. In the solution of complicated problems of 
this sort, one or more of the assumptions are almost always found 
incompatible with the others. In such cases the assumptions 
must be revised and the design modified accordingly. The 
methods of stoichiometry are invaluable for the elimination of 
errors by cross-checking of this sort. 

It is obvious that, to a greater or less degree, such computations 
involve methods of trial and successive approximations. Gen- 
eral rules of procedure are difficult to give. It will probably be 
most helpful to discuss a specific case. 

Assume that it be required to design a gas-fired tunnel kiln, 
operated continuously, for the burning of a ceramic material 
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which passes through the tunnel in a direction countercurrent to 
that of the gases. The stock enters one end of the tunnel and 
in passing toward the middle is preheated by the sensible heat of 
the hot products of combustion flowing in the opposite direction. 
This end will be called the preheating zone. These combustion 
products go to the stack at that end of the tunnel where the stock 
enters. Combustion itself takes place in the middle of the tunnel 
(combustion zone) where the stock is heated to the maximum 
temperature of burning. The stock now passes out the opposite 
end of the tunnel (cooling zone), in which it is cooled partly by 
means of the air necessary for combustion and partly by conduc- 
tion and radiation through and from the walls. This air is pre- 
heated, thereby conserving heat in the operation of the furnace. 
The stock goes through the tunnel on cars, the lower part con- 
structed of steel and cast iron and the upper of refractory. On 
these cars is placed the charge. One of these cars is pushed into 
the furnace every 4 hr., pushing out a similar car at the other 
end. ‘The firing of the furnace is continuous. The number of 
cars in the furnace is so large that no serious error will be made in 
assuming that the movement of the stock is also continuous. 
The metal of each car weighs 1,000 lb., the refractory 2,000 lb. 
and the charge 6,000 lb. The stock has been carefully dried 
before it comes to the furnace. The specific heat of the refrac- 
tory may be taken as 0.20 + 0.0001¢ and that of the charge as 
0.22 + 0.00012¢, ¢ being in degrees Centigrade. In the range 
from 600 to 700°C., the charge loses its combined water, of which 
it contains 6.2%. The heat of decomposition of the clay with 
evolution of this water, expressed per gram mol of water lost, is 
estimated to be 15 kg.-cal. After this decomposition the specific 
heat of the charge may be taken as that of the refractory given 
above. Stock, air and gas enter the furnace at 20°C. The 
stock must be burnt to 1210°C., and the temperature rise and fall 
must be substantially uniform. 

The burning schedule demanded by the characteristics of the 
stock involves 200 hr. in the kiln. Since the cars are 6 ft. long, 
this requires a furnace length of 300 ft., of which 150 ft. must be 
in the preheating zone, 15 ft. in the combustion and 135 ft. in 
the cooling zone. 

The preceding may be taken as the fixed conditions which, in 
any case, the furnace must be designed to meet. These are not 
subject to alteration. On the other hand, it is very desirable to 
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cool the stock to at least 160°C., before it leaves the furnace and 
to preheat it before it enters the combustion zone to 1110°C. 
Furthermore, while such a furnace will be carefully insulated 
against loss of heat, its surface area is so large that the heat lost 
by conduction and radiation through the walls is sure to be 
considerable. Obviously, the insulation should be more or less 
proportioned to the temperature of the furnace at the point in 
question, 7.e., in a well-designed furnace the heat loss per unit 
length will be substantially constant. For the conditions under 
which this furnace is to operate, it is claimed that it will not pay 
to try to insulate sufficiently to reduce the heat loss per foot of 
length below 9,000 B.t.u. per hour in the preheating and com- 
bustion zones and 80% of this in the cooling zone. The loss in the 
latter is less because the gases and hence also the kiln walls are 
cooler than the stock, rather than hotter as in the rest of the 
furnace. It will probably be inadvisable to try to cool the stack 
gases below 240°C., or to preheat the airabove 1000°C. The metal 
of the cars and the lower part of the refractory base are protected 
from the full heat of the kiln. Failure of the refractory to come 
up to temperature is more or less counterbalanced by heat picked 
up by the metal. Consider this counterbalancing exact, 7.e., 
assume all the refractory brought to full temperature but the 
metal not heated at all. These figures represent the tentative 
assumptions on which to attempt a furnace design. 

It is required to design such a kiln, using as fuel a natural 
gas, which may be assumed substantially CH,. It is further 
desired to modify the design.so that the furnace can replace 
this fuel with producer gas of the following composition: 7% 
CO, 21% CO, 15% He, 1% CHs and 56% Ne. Finally, the fuel 
saving which can be realized by an increase in insulation suffi- 
cient to halve the heat loss by conduction and radiation is to be 
estimated. 

Solution.—Since in the preheating zone the stock must rise 
in temperature at a substantially uniform rate, (1,110 — 20)/150 
= 7.27° per foot of travel, and since the heat capacity of the 
stock does not change greatly with the temperature, it follows 
that the B.t.u. consumption per foot of length of kiln for heating 
the stock is nearly constant throughout this zone, although this 
neglects the temperature 2ffect of dehydration. As has already 
been explained, the kiln is to be constructed so that the same is 
true of the heat loss by conduction and radiation. Since the 
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heat supply of any particular foot of length of the preheating 
zone comes solely from cooling the gases, and since the gases 
passing any particular section per unit of time are the same as 
those at any other section, neglecting the slight change of heat 
capacity with the temperature, it follows that the fall in tem- 
perature of the gases per unit length is constant throughout this 
zone. Since the rate of heating of the stock must be uniform and 
this rate of heating is proportional to temperature difference 
between gas and stock, this latter should be kept substantially 
constant. Therefore, assume that the temperature difference 
between the gas and stock at the two ends of the preheating zone 
is the same, 7.e., 220°C. 

Study of the problem shows that this furnace consists of three 
separate sections, namely, the preheating, combustion and 
cooling zones. Obviously, a heat balance can be set up for each 
of these zones and such a heat balance will give information 
regarding the operation of the furnace which is absolutely 
dependable. The relationships existing in the cooling zone are 
less complicated than those in the other two. It is, therefore, 
advisable to set up first a heat balance for this zone. 

The heat supply to this part of the furnace comes solely from 
the sensible heat of the burnt stock which enters this zone at 
1210°C. and cools to 160°C. The average temperature of the 
stock in this zone is, therefore, (1,210 + 160)/2 = 685°C. At 
this temperature the specific heat of the stock from the formula, 
0.20 + 0.0001¢, is 0.2685. This figure is the average specific 
heat of the stock between the temperature limits quoted because 
its specific heat is linear with the temperature. The heat given 
up by the stock is, therefore, its weight times its temperature 
drop times this specific heat. In burning, the 6,000 lb. of stock 
on each car lose 6.2% of water, leaving a burnt stock weight of 
5,630 lb. Adding the weight of the refractory base of the car 
gives a car weight of 7,630 lb. Therefore, the heat supplied to 
this zone is (7,630)(1,210 — 160)(0.2685) = 2,150,000 C.h.u. 
per car or one-fourth of this, namely, 537,500 C.h.u. per hour. 

The radiation loss is 9,000(0.8)(135)/1.8 = 540,000 C.h.u. per 
hour. This shows the heat loss by radiation to be greater than 
the heat supplied to the cooling zone, absolutely no heat being 
available for.preheating the air. There is obviously something 
wrong with the assumptions. The error lies in the fact that the 
radiation loss assumed is excessive. If a kiln were to be con- 
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structed with this radiation loss, the stock would be cooled by 
radiation alone in less than 135 ft. Since the firing schedule 
demands that the stock be not cooled more quickly than this, it 
of necessity follows that the radiation loss must be reduced, at 
least in the cooling zone. 

The difference between the radiation loss and the sensible heat 
in the stock is so small that such a kiln could be built and oper- 
ated successfully by the use of a very slightly increased amount 
of insulation, provided no air whatever be drawn through the 
cooling zone but only cold air be supplied at the burners. 
However, it seems scarcely wise to construct the kiln in this 
way. It is, therefore, better to increase the insulation somewhat 
more and reduce the heat loss through the walls, so that the air 
passing through the cooling zone will pick up and usefully recover 
the excess heat. In order to get a line on the extent to which it 
is advisable to carry this increased insulation, the problem will 
be solved, assuming first a heat loss in the preheating and com- 
bustion zones of 8,000 B.t.u. per hour per foot of length and, second, 
a figure of 4,000. The loss in the cooling zone will, as before, be 
80% of that in the other two zones. Repeating the computation 
just made, based on the heat balance in the cooling zone, for a 
heat loss of 8,000 B.t.u. per hour per foot of length, the heat lost 
through the walls is 480,000 C.h.u. per hour and the heat usefully 
picked up by the incoming air is 57,500 C.h.u. per hour, while 
for one-half this wall loss (4,000 B.t.u. per foot of length per hour) 
the total wall loss in the cooling zone is 240,000 C.h.u. per hour 
and the heat picked up by the incoming air is 297,500 C.h.u. 
Multiplied by 1.8 the figures would be in B.t.u. per hour. 

When an attempt is made to set up a heat balance on either 
the combustion zone or the preheating zone, the fact must be 
faced that there are two unknown quantities: the amount of 
gas, used by the kiln and the amount of excess air employed. 
Since, however, two heat balances can be set up, it is possible to 
formulate two independent equations, one for each zone, and 
therefore to solve for the two unknowns. Call the mols of gas 
per hour x, and the mols of eacess air y, and take 20°C. as the 
reference temperature. The equation for the heat balance in 
the combustion zone may be worded as follows: 

Sensible heat. recovered by preheating air in cooling zone + 
heat of combustion of x mols of natural gas = sensible-heat con- 
tent of theoretical products of combustion above 20°C. + sensi- 
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ble-heat content of excess air above 20°C. + heat consumed in 
heating stock and car from 1110 to 1210°C. + wall loss in this 
section. Using the lower heating value for methane (see p. 14), 
the heat input is, therefore, 57,500 + 191,000z, assuming for 
the time being that the radiation loss in this zone is 8,000 B.t.u. 
per foot of length per hour. 

If, as stated above, the gas and stock maintain a substantially 
constant temperature difference of 220°C., the gas leaving the 
combustion zone must have a temperature of 1330°C., since 
the stock has been preheated at this point to 1110°C. From 
the equation, CH, + 202 = CO, + 2H,20, there will be x mols 
COs, 2x mols H.O and 22 (79/21) = 7.522 mols N:» as the theoreti- 
cal products of combustion of x mols of methane, and to this 
must be added y mols of excess air. The sensible-heat content 
of these gases above 20°C. is most easily calculated by using the 
heat chart (Fig. 1, p. 5). 


Heat content, C.h.u. Difference = 
| heat gained per 
At 1330°C. At 20°C. mol, C.h.u. 


COB vant as oem oldies 15 , 400 180 15 , 220 


i130) 00 ee ee 12,100 170 11,930 
ee ie arena 3 10,000 140 9,860 


The sensible heat in the theoretical gases of combustion is the 
product of the number of mols of each gas into the difference in 
heat content of that gas between the two temperatures, viz., 


15,2202 + 11,930(2x) + 9,860(7.52) = 113,2502, 


and similarly for the excess air, 9,860 y. 

As above, the average specific heat of the stock and car between 
1110 and 1210°C. is 0.20 + 0.0001(1,110 + 1,210)/2 = 0.316 
and the heat supplied to the material, 


(7,630/4) (1,210 — 1,110)0.316 = 60,250 C.h.u. per hour. 


The remaining item in the heat output in the combustion zone 
is the radiation loss, 


(8,000/1.8)15 = 66,700 C.h.u. per hour. 
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Now setting up the equation for the heat balance in this zone, 
there is obtained the following expression: 


57,500 + 191,000z = 113,250x + 9,860y + 60,250 + 66,700. 


When the radiation loss is assumed to be only 4,000 B.t.u. per 
hour per foot length, the heat recovered per hour in the cooling 
zone is 297,500 instead of 57,500 C.h.u., and the heat loss by radi- 
ation in the combustion zone is only one-half of 66,700, or 33,350 
C.h.u. Hence, another equation may be written for this case, 
using x’ as the number of mols of gas burnt and y’ the mols of 
excess air used per hour, giving 
297,500 + 191,000z’ = 113,250z7’ + 9,860y’ + 60,250 + 33,350. 

In order to solve these equations, a second set is obtained 
from the the preheating zone. In this zone the sole source of 
heat supply is that contained as sensible heat in the hot gases. 
These are cooled from 1330 to 240°C. The number of mols of the 
individual gases has already been calculated, and the heat 
contents are again obtained from Fig. 1. 


Heat content, C.h.u. Difference = 
—_— —— ] heat loss per 
At 13380°C. At 240°C. mol, C.h.u. 
CO, 15,400 2,300 13,100 
WO cfr ures aed 12,100 2,080 10,020 
INA O grr cect) Sees 10,000 1,640 8,360 


This gives as the heat input 
13,100z + 10,020(27) + 8,360(7.522) + 8,360y = 
96,000x + 8,360y 
The heat output consists of that necessary to heat the stock and 
car from 20 to 1110°C. and the radiation loss. Although the 
stock loses its combined water over the range from 600 to 700°C., 
it is assumed for the purpose of calculating the heat utilized in 
this zone that this occurs at 650°C. The original stock must be 
heated to this temperature, decomposition taking place at this 
point and the dehydrated material then heating up to 1110°C. 
Average specific heat of stock, 20 to 650°C., 
0.22 + 0.00012(650 + 20)/2 = 0.26. 
Heat absorbed by stock (1,500 lb.) per hour, 20 to 650°C. 
1,500(650 — 20)0.26 = 246,000 C.h.u. 
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Heat of decomposition: This is estimated to be 15 kg.-cal. 
(15,000 g.-cal.) per gram mol of water contained, which is’ 
equivalent to 15,000 C.h.u. per pound mol of water. 


combined| Mols 


= 77,500 C.h.u. 


Average specific heat of stock, 650 to 1110°C., 
0.20 + 0.0001(1,110 + 650)/2 = 0.288. 
Heat absorbed by dehydrated stock, 650 to 1110°C., 
0.938(1,500) (1,110 — 650)0.288 = 186,500 C.h.u. 


There is also a small amount of heat recovered. The com- 
bined water, which is evolved at 650°C., mixes with the gases of 
combustion and is cooled with them to 240°C. Its heat content 
at 650°C. per mol is 4,640 C.h.u. and at 240°C., 2,080 C.h.u., the 
heat recovered being , 


Pounds 
stock 


1,500 (4,640 — 2,080) 


= 13,200 C.h.u. 


Average specific heat of refractory, 20 to 1110°C., 
0.20 + 0.0001(1,110 + 20)/2 = 0.2565. 


Heat absorbed by refractory (500 lb.) per hour, 20 to 1110°C., 
500(1,110 — 20)0.2565 = 139,700 C.hb.u. 


Heat absorbed by stock, 20 to 650°C.............. 246 , 000 
Hentiordecomposiion. eee eee ne aes = ae 77,500 
Heat absorbed by stock, 650 to 1110°C............ 186 , 500 
Heat absorbed by refractory, 20 to 1110°C......... 139, 700 
TotalshedtrapsOLDed seas oP aviecs ms cee aire oe oat sae 649 , 700 
Heat recovered by cooling water vapor............ 13 , 200 
Net heat absorbed by stock and car............... 636 , 500 


The radiation loss in this zone, using 8,000 B.t.u. as the loss per 
hour per foot length, is 

(8,000/1.8)150 = 666,700 C.h.u. 
and 333,300 when the loss is half this value. 
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The equation for the heat balance in this zone may now be 
written 
96,0002 + 8,360y = 636,500 + 666,700, 
for the first case (8,000 B.t.u. loss per hour per foot of length) and 
96,000z’ + 8,360y’ = 636,500 + 333,300, 
for the second case (4,000 B.t.u. loss per hour per foot of length). 
Solving the simultaneous equations, 

57,500 + 191,0002 = 113,250¢ + 9,860y + 60,250 + 66,700 and 
96,000z + 8,360y = 636,500 + 666,700, the result will be: 
x = 8.42, y = 59.3. 

For the equations, 
297,500 + 191,000z’ = 113,250x’ + 9,860y’ + 60,250 + 33,350 
and 96,0002’ + 8,360y’ = 636,500 + 333,300, 
= 4.98, y’ = 58.9. 


In order to interpret these results, consider the first case with 
high radiation loss. To burn 8.42 mols of CH, requires twice 


Natural gas, 842mols, L608 000Ch.tu. 


eat recovered 
ST500CH.u. 


Radiation loss, 1213,700Ch.u. or 75.6 fe 


Ar, 139.6 mols 


Burnt ware 


Stock on Cars 
a. 8,000 B.t.u. loss per foot Length per hour 


Natural gas4.98rols, 951000 Ch. x. 
Radiation loss,606,700 Ch.u. or 63.8 % 
b.4,000 B.t.u. loss per foot length per hour 


Fria. 10.—Tunnel kiln fired with natural gas. Basis.—1 hr. 


as many mols of oxygen, or (8.42)(2)(100/21) = 80.3 mols of air. 
The per cent of excess air in this case is (59.3/80.3)100 = 73.9%. 
With half the radiation loss, the fuel consumption is reduced 
nearly in proportion, actually to (4.98/8.42)100 or 59.1% of its 
value in the former case. However, 4.98 mols of gas require 
4.98 X 2 X 100/21, or 47.5 mols of air for combustion, showing 
that the per cent of excess air is increased to (58.9/47.5)100 = 
124%, z.e., nearly doubled. Actually the absolute number of 
mols of excess air remains substantially constant (59.3 versus 
58.9). This must be so, for in the preheating zone, of the total 
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heat required, 1,303,000 and 969,800 C.h.u., in the two cases 
respectively, 636,500 C.h.u. must be absorbed by the stock 
whatever the heat loss. This is from 48 to 65% of the total. 
This heat requirement necessitates the presence of a large 
amount of gas to throw the heat forward in the kiln and this in 
turn means the use of a large (absolute) number of mols of excess 
air. See Fig. 10 a and b. 

Returning to the cooling zone, further information may be 
obtained from the figures. In the case of high radiation loss, 
only 57,500 C.h.u. were recovered from cooling the stock. 
Since there must be used a total of 80.3 + 59.3, or 139.6, mols 
of air in the combustion, if all the air used were passed through the 
cooling end before going to the burners, it would absorb only 
57,500/139.6, or 412 C.h.u. per mol. As the heat content of air 
(Nez or Oz) at 20°C. is 140 C.h.u., it would be heated to a tem- 
perature at which its heat content is 562 C.h.u. This tempera- 
ture (Fig. 1) is about 80°C. When the radiation loss is now 
halved, the heat recovered is 297,500 C.h.u. and the mols of air 
used, 47.5 + 58.9 = 106.4. This gives a heat absorption of 
297,500/106.4 = 2,790 C.h.u. per mol. Its final temperature 
would be that at which its heat content is 2,930, which is about 
430°C. 

The conviction that to secure furnace efficiency excess air 
should be suppressed to the lowest point compatible with good 
combustion is so widespread that it is worth while to analyze 
the factors which play a part in the furnace the very design of 
which demands a large air excess. The first factor is the neces- 
sity of uniformity of rate of heating of the stock, requiring, as 
mentioned above, what is called “throwing the heat forward in 
the kiln.” The only thing which can carry heat to the stock 
before it reaches the combustion zone is hot gas, the heat avail- 
able depending on the quantity and temperature of that gas. 
The initial temperature of the gas should be kept down, however, 
as otherwise at the hot end of the preheating zone the tempera- 
ture differences between gas and stock will be excessive and the 
danger both of too rapid heating and of localized overheating 
correspondingly great. The difficulty due to such excessive and 
variable temperature differences can be met, as is sometimes 
done, by resort to indirect heating through flues, but where direct 
contact between combustion gases and the stock is allowable, 
it is cheaper and better to secure uniformity of heating by using 
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excess air. By this method it is easy to secure any desired ratio 
of the temperature differences at the two ends of the preheating 
zone and hence meet any required heating schedule, relatively 
fast at the start and slow at the end, or vice versa, or uniform 
throughout. 

There are whole ranges of operation of such a kiln, however, in 
which excess air is essential to secure even thermal efficiency, 
entirely irrespective of heating schedule. With a wall loss of 
8,000 B.t.u. per foot per hour, of the total heat supplied to this 
kiln in the fuel, 75% is lost through the walls. As already shown, 
this leaves almost no recoverable heat in the cooling zone. If, on 
the other hand, this loss be reduced by using more and better 
insulation, more recoverable heat is available, which must be 
picked up by the incoming air. Obviously, this air cannot be 
preheated above the temperature of the hot stock. If now the 


Natural gas l44mols, 275 000 Chu. 


Atr, 73.4 mols ; 2 Gas, 80.0mols. 
Product i SOOCH we. Stock 


No radiation loss 


Fie. 11.—Tunnel kiln fired with natural gas with no radiation loss. (Hypo- 
thetical case). Basis —1 hr. 


wall loss be thus reduced to about 60% of the total heat input, 
theoretical air is insufficient to absorb this recoverable heat, and 
if a proper excess air be not used to absorb it, thermal efficiency 
will go down. Furthermore, the percentage excess required 
gets larger the more efficient the kiln. This applies to all 
furnaces preheating air by recovering sensible heat from the 
charge. 

It is worth while to consider the hypothetical case of no 
radiation loss. The heat requirements for stock and car, of 
course, remain the same. If equations are set up similar to the 
above, solution shows 1.44 as the mols of gas required, and 59.7 
mols of excess air. This is equivalent to 436% excess air. If 
this air absorbed all the heat given up by the stock in the cooling 
zone, it would be preheated to 1015°C. Hence, in this extreme 
case it is obvious that theoretical air could not possibly absorb 
the efficiently recoverable heat. See Fig. 11. 

The second part of the design is the recalculation of the above 
figures so that flue requirements, etc. may be modified to take care 
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of the different gas volumes when a lower grade of fuel is used, 
namely, cold producer gas of the composition 7% COs, 21% CO, 
15% He, 1% CH4 and 56% N2. The heat requirements of the 
stock and radiation losses are the same as before, so these need 
not be recalculated. For this gas the heat of combustion per mol 
is different from that of methane and so also is the theoretical air 
necessary for combustion. 

Consider 1 mol of this gas. Using the lower heating values for 
the combustible gases present, its heating value is 0.21(68,000) + 
0.15(58,000) + 0.01(191,000) = 24,900 C.h.u. 

For a mol there is required to burn the CO, Hz and CHa, 
(0.21/2) + (0.15/2) + (0.01)(2) = 0.20 mol O2. This brings 
in 0.20(79/21) = 0.752 mol Ne. Thus the products of combus- 
tion are shown in the subjoined table. 


Products of combustion 


Original gas 
CO, N: | H,0 

COsz.. 0.07 
(OCLON vias We pees eee ee 0.21 
Ie INS atcha cai eee EEO ee ee ei: SAT ta has See! 0.15 
(CHE Gr Fey eh eine ie reece Sah Of OAM mCi tenes 0.02 
INS Acne Stet a o ete Adee UP ne wate 0.56 
Air for combustion...... 0.752 

UP Ota lene ee be icerscld ans. onset 2 0.29 1312 OF, 


In the combustion zone, on burning x mols of gas with y mols 
of excess air, the heat input (case I, 8,000 B.t.u. loss by radiation 
per hour per foot length) is 57,500 + 24,900z and the heat output 
to the stock 60,250 and for radiation, 66,700 C.h.u. The sensible 
heat in the gases is a different function of x and y from the former 
case. Using the difference in heat contents between 1330 and 
20°C. and the mols of gas obtained, this becomes 


(0.292) (15,220) + (0.17x)(11,930) + (1.312x)9,860 


for the theoretical products of combustion and 9,860y for the 
excess air. Upon addition and simplification these reduce to 


19,5002 + 9,860y. 
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Thus the heat balance for this zone is 
57,500 + 24,9002 = 19,500z + 9,860y+ 60,250 + 66,700 
for case I, and 

297,500-+ 24,900z’ = 19,500c’ + 9,860y’+ 60,250 + 33,350 
for case II (4,000 B.t.u. unit loss). 

In the preheating zone, the heat input is 
13,100(0.29x)+ 10,020(0.17xz) + 8,360(1.312x) + 8,360y = 

16,480z + 8,360y. 
This is obtained by multiplying the quantities of the different 
gases by the differences in their heat contents between 1330 and 
240°C. 

The output in this zone is the heat to the stock plus radiation 
loss. These are constants and will be the same for the 
combustion of any fuel. The heat balance for case I may be 
written as 

16,480z+ 8,360y = 636,500 + 666,700 
and for case II 
16,480a’ + 8,360y’ = 636,500 + 333,300. 
Solution of the first pair of equations, 
57,500 + 24,9002 = 19,500x + 9,860y + 60,250 + 66,700 and 
16,4802 + 8,360y = 636,500 + 666,700, 
gives x = 64.7 and y = 28.4 and for the second pair, 
297,500 + 24,900x’ = 19,500x’ + 9,860y’ + 60,250 + 33,350 and 
16,4802’ + 8,360y’ = 636,500 + 333,300, 
x’ is 38.3, and y’, 40.6. 

The required air for 64.7 mols is 64.7(0.20)(100/21) = 61.6 
and 38.3 mols of producer gas need 35.5 mols of air. The first 
corresponds to 46% and the second to 114% excess air; 61.6 + 
28.4 mols of air are preheated by 57,500 C.h.u. to 124°C. and 35.5 
+ 40.6 mols are heated to 575°C. by 297,500 C.h.u. 

For completeness in comparison, it can similarly be shown that, 
when the radiation loss is reduced to zero, 11.0 mols of gas must 
be burnt, requiring 10.5 of air and using 54.5 in excess. This 
excess is 520 % of the required. 

The recoverable heat available in the stock would preheat 
even this air to approximately 1260°C. This temperature, 
being greater than that of the stock, cannot, of course, be reached, 
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but the heat can be recovered by preheating the producer gas 
by passing it through separate flues in the cooling zone. It is 
interesting to note that in this kiln natural gas has no advantage, 
thermal or otherwise, over producer gas. It would, of course, 
give more risk of localized overheating. 

It is perhaps worth while to compute the heat consumption of 
an ideal kiln, z.e., one in which there are no radiation or conduc- 
tion losses and the stock and stack gases are completely cooled to 
the original temperature of stock and air. The total heat 
required to burn the stock has already been computed, namely, 


C.n.0. 
lea tra DSOred,.70stOnOOU nC Mame Fes acess rien ee 246 , 000 
Westor GecompositiOnyr. 14.805 crs skies ok se cro suena 77,500 
Meat absorbed. G50 conti lOe© sue 9 sats ae ste ae 186 , 500 
ieatra bsoroed; lil Oto a2 LOl@ ee ac. area lentes s:. 60, 250 
570 , 250 


In the ideal kiln, however, both burnt stock and water vapor 
formed by decomposition of the stock are cooled to 20°C., the 
former from 1210°C. yielding 438,000 C.h.u. and the latter 23,100 
C.h.u. Subtracting these two quantities from the above total 
leaves 109,150 C.h.u. asthe minimum possible heat consumption of 
an ideal furnace. On this basis, the thermal efficiency of the kiln 
can be computed. Ina kiln with no wall loss, the heat efficiency is 
nearly 40%, with a loss of 4,000 B.t.u. per foot per hour less than 
12% and with a loss of 8,000 B.t.u. per foot per hour less than 7%. 

The following table brings together for comparison the results 
in the various cases. 


| Natural gas | Producer gas 

B.t.u. loss per foot per hour...... 8,000) 4,000 0 8,000} 4,000 0 
Mols gas required............... 8.42 4.98 1.44 64.7 38.3 11.0 
Mols theoretical air.............. 80.3 47.5 Tie 61.6 35.5 10.5 
IWEOISTOX GOSS? BIE ciecefoiste eleisoteletercyete. 5) « 59.3 58.9 59.7 28.4 40.6 54.5 
OtAlSIMLOISyHIT: Wc sieseiece, srdpere arose asus 139.6 106.4 73.4 90.0 76.1 65.0 
Per cent excess @irf.......02e++--- 73.9 124 436 46.0 114 520 
Total mols stack gas!............ 152.3 116.5 80.0 148.3 {113.7 79.2 
Heat recovered in cooling zone, 

(CANT dtictgi toi: Anionic peor 57 , 500}297 , 500|537 , 500 57 , 500/297 , 500|537 , 500 
Temperature preheated air, °C... 80 430} 1,015 124 575) 1,260 
Total heat supplied,? C.h.u.......|1,608, 000/951 , 000/275 ,000)1, 611, 000/955, 000/274, 000 
Heat loss by radiation, C.h.u.....}/1,213,700/606, 700 0/1, 213, 700/606, 700 0 
Per cent radiation loss........... 75.6 63.8 0 75.1 63.6 0 
Thermal efficiency, per cent...... 6.8 11.5 39.7 6.8 11.4 39.9 


1 Including 5.2 mols,of water vapor due to loss of combined water by the stock. 
2 191,000z for natural gas and 24,9002 for producer gas, 
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PROBLEM 


The kiln discussed in this chapter is to be modified by adding a drying 
section, the purpose of which is to make it possible to charge the kiln with 
partially dried stock, dry this in the new section and then complete the burn- 
ing in the rest of the kiln, which remains as described. The stock will 
enter the drying section at the present temperature of 20°C.; will be heated 
to 80°C., without appreciable evaporation of moisture; the moisture will 
then evaporate at a substantially constant temperature of 80°C.; and the 
stock will then go on into the present preheating zone of the kiln, entering 
this zone at 80°C. The moisture content of the stock as charged will be 
12%. The temperature of the gas leaving the preheating zone will be 
260°C., and the temperature difference between the stock and gas through- 
out this zone is to be constant, as in the original kiln. Assuming a wall 
loss per foot of length per hour of 4,000 B.t.u. for all sections except the new 
drying section, a negligible loss through the walls of this section because 
of the low temperatures there prevailing, and assuming the use of the present 
natural gas as fuel, estimate the mols of this gas required per hour to handle 
the same weight of material on the dry basis as before. 


a 


CHAPTER VII 
METALLURGY 


In metallurgy, the roasting of sulfide ores is one of the impor- 
tant problems which may be solved by stoichiometric methods. 
However, the roasting of FeS,; has already been covered in the 
chapter on Sulfur (p. 63), and it seems unnecessary to discuss 
the differences, stoichiometrically minor, between the roasting 
of the sulfides of the various metals. This chapter will be 
restricted to the reduction and refining operations in the metal- 
lurgy of iron. The applicability of the methods of computation 
to similar reactions in the treatment of other metals should be 
obvious. : 

Illustration 1.—The following figures are abstracted from the 
data sheet of a test on a blast furnace using hematite ore: 


Buast FURNACE 


Data.—Reduced to 24-hr. basis. 


Burden 
re As Te ree A 2,150,000 lb. 
OKO yea Le eine Ans Ge ant as Bee 1,048,500 lb. 
oe, ELE | tee Oh eT oy Ie a mE ety 151,800 lb 
SOTO Mae te rast ee Ree wat pupae Baldo bre tye 414,000 lb 
SARE TY DASIS)!.55 310 Nou ons cieoie yoo 120,000 lb. 
Pie Me as tet rece ROE: aes Mere 1,203 , 600 lb. 
NSALOMCLET er arse Ae eo ett aig Bo fer ein sk She 29.84 in. 
IP ALINOCTALITG Ce Ne o> oa eae aoie Fe 12°F, 
Hea tiy Gunnnait vised elas vleldcis A eGscies iets ie 82% 
Average blast pressure............-..-2.005: 14.1 lb. per sq. in. 
Average blast temperature...............-.. 960°F. 
Average top-gas temperature....,..s.00000-- 330°F. 
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Analyses 
Prr Cent Per Cent 
Ore Scale: 
HO anc i aa neres ateroeheee teats 51.6 A 1 ee Ine Bey 48h 72.68 
ING ONen a cated hoastonere Racer. 0.83 IMU ee) Re he eres ee 0.57 
SEP ely Wa oe MONE A dy 0.032 Pig: 
12 SO ers o Rot Lo ODOT 10.6 Bee atur a ei eee 92N 12 
SiOs see vie ne Gee ee ern 8.78 SLA St SRC Se Reh 7 Teo 
Coke INT go etecree cae oe eee 1.49 
Mixed CaroOlencam yleria tte 80.7 FS Sense ia tora Nee eee 0.027 
Vol. comb. matter....... 74 Pe? Ch ates tee 4.65 
INIOIStURGNA +h ete cee 4.4 Flue dust: 
NCIS SOS cc ne oe TPHSTE ANG ar ae ee 41.4 
IES SUMUL Aes Grate tysorayeene oe eee 12,130 Oe SPM Sra bo Dh 88 7.9 
Total C (combined)...... 82.14 Gas: 
Total H (combined) ..... 0.83 COR eine oo eee Ar 
Limestone: COs sssisereehe eee 24.6 
CaO | O420D 5 PRE ene tou cnc ean 0.1 
ok Oe ere, «eae, Coal Ce oe 0.80 1s ee oe ee PB 
MOIStIneGH ay tian str ieee 0.70 INig ees crete cee ee io Renee 59.0 
Iai pry OSE AS concn oot er 43 .30 


Solution.—From the data it is immediately possible to set up 
an iron balance and a carbon balance. The first is a complete 
balance and gives a check on the accuracy of the data. The 
second gives the carbon in the gas by difference. The elements 
which tie together the gas analysis with the analyses of the 
components in the charge and product are carbon and oxygen. 
Therefore, the next step is to recompute the analyses of coke, 
pig and gas in terms of these two elements. The amount of gas 
leaving the furnace may now be computed by two independent 
means, 2.e., by a carbon balance and by an oxygen balance. 
This is the method of solution followed below. 


Tron BALANCE 


Input: Pounps 
Ores 2; 150; 00005116 i= sae lee aera 1,109,000 
Seale, 151,800(0.7268)- 5.0. cseki eee: debe lO R000 

RO tale a2 $58 vee te, ra ere grea es Ore eae 1,219,000 

Output: 

Rigel 203.600 Ol02 1:2) ine aye gee ae 1,109,000 
Dust35120;000 (0:44) ie pe eee ee re 50,000 
Deficiency os ater Nokes cee me ae 60,000 
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The table shows that the output of iron is about 5% less than 
the input. This may be due partly to iron in the slag, largely 
as emulsified nodules of pig. There is also the likelihood that 
the pig withdrawn from the furnace did not quantitatively cor- 
respond to the charge fed at the top. On a blast furnace it is 
necessary to have a long test period in order to make this error 
negligible. 


CarBon BALANCE 


Input: ; Pounps 
Woke wliO4 S500 (O: S214) — cea. iis aoc s caters 861,000 
Stone, 414,000(0.4330) (12/44) =.........00c ees 49 ,000 

A Worth ee Seles Ses. eS Sie Ae oe ae, Oe 910,000 

Output: 

Pig 208,600(0,0465) = jaccec. sp scel leita. 56,000 
Distal 20/000 (01079) = ere cee cease Pelee oe an 9,500 
Gast by Giterencenysnnssemace tsi vo cieue once sre psacts 844, 500 
pla Galle eae ten era Prat or tr yee eten Aes 910,000 
Ratio of C in stone to Ci in gas, 49,000/844,500 =.. 0.0580. 


Basis.—100 lb. coke. 


Molsmbotaletioe— 0) Sai 220l Gur ae ccmeere cui. ee ace 0.411 
IGE PEG ay YA a oe ae ee 0.244 
Niolssie tiline=-— apeiron Yaar ey. eptes see eee 0.167 
ACO MIS RO meen Oo) UD eae cet where ear, Grantee 6.85 
Net H2/C from coke = 0:167/6.85 =............... 0.0244 


It is now ‘necessary to compute the oxygen removed from the 
ore. The ‘ratio of O:Fe in the hematite is 3:2. In the scale 
this ratio must be computed. The analysis shows that the scale 
contains 72.68% Fe and 0.57% Mn. No serious error will be 
introduced by calling the difference, 26.75%, oxygen. The 
composition of 100 lb. of scale is, therefore, as follows: 


Pounps ATOMS 


I BRE earch dO A cae CRESS PAE BTEC CNCRORDIORS pI OCR ROR DanC 72.68 = 1.301 
AVIS aerelt datage st ehsnet sectocers To fonehs: 3 eveyekstereta ore siaile ait 0.57 = 0.010 
(ODPM aree Papa ereh Mace eis et alee ey tases aren siovere he ai clone, = 26.75 = 1.671 


Assuming manganese present as MnO, the ratio of O:Fe = 
1.661/1.301 = 1.276. With this figure available, it is perhaps 
best to compute the oxygen equivalent of the pig. 
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Basis.—100 lb. pig (computation of equivalent oxygen). 


Fe: Aromas O 
Ore, (92.12/55.84) (1,109,000/1,219,000) (3/2) =.... 2.251 
Scale, (92.12/55.84)(110,000/1,219,000) (1.276) =... 0.190 

Mint 19,4954 03) 2 eerie cede iota erence eee 0.054 

SIS (1 36/2851) 20h ee venice Ceres eerie 0.097 

Sie (O02 /B2IO Pty etek secret er are rae eyes 0.003 
Total O removed by reduction.............--.---- 2.595 

Total O removed by reduction per 24 hr., 
01025954; 203; 600} sae. seers siete cuetosecct a hey eee 31,200 


Basis.—100 mols dry gas. 


Gas | Mols | Atoms C | Atoms O | Mols H,2 


(OLB rehataia Culiics aeeinamrnesr Burts 14.1 14.1 28.2 
(CLO OS Pecan eno Lee 24.6 24.6 24.6 
Os heen orca tee 0.1 0.2 
1 Ec tee RENN corton Par PREELR oe 2.2 2.2 
IN scare sca tesa teynere 59.0 

To tales eee > opncea aee 100.0 38.7 53.0 2.2 
OsearNigt = 09 (427 O) nce axe toucl erate ey ueieonc/ciaye sate ie ae 31.35 
C from stone, 38.7 (49,000/844,500) =..... 2E25 
Orirom) stone.:2(225)ian eerie ene oe ea 4.50 
Net H: from coke, 38.7(861,000/844,500)0.0244.... oe 0.97 
H, from decomposition of H,O, by difference..... Se astie 1.23 
Oifromrdecomposition of HzO. skeen 1.23 
TotalkOlaccountedsforsanas ene tee eae ere 37 .08 
Orfromiore: by difterencesae ase aera eee 15 .92 

53.0 


Mols dry tunnel-head gas per 24 hr. 
By carbon balance: 


Atoms C 
844,500 | 100 
TST 
12 38.7 Bhs 


By oxygen balance: 


Atoms O 
31,200 


13.92 = 196,000 mols 


1 This assumes all Mnas MnO.. Were the amount large enough to justify 
it, the different forms present could be allowed for, as was done with iron. 
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While these two balances are based on analyses of the same 
materials, they are none the less independent except for the fact 
that in the oxygen balance the oxygen from the stone had to be 
computed from carbon data. The difference between the two 
values, about 8%, is a reasonable measure of the dependability 
of the data. The carbon balance, however, ought to be given 
more weight than the other, because on the gas basis oxygen 
from the ore represents a difference between relatively large 
quantities. Unless expensive equipment is available to measure 
the huge volume of gas leaving the furnace, balances of this sort 


Ore 2,150,000Ib. Coke, 1,048,500 lb. 
Stone, 414,000 Ib. Scale, 151,800 Ib. 


Gas, 185 000 mols. 
Dust,120,0001b. 


Air; 136 000mols. Sla 
[ ig ,1,203,600Ib. 


Fic. 12.—Blast-furnace problem. Basis.—24 hrs. 


represent by far the easiest and most accurate method of deter- 
mining its amount. See Fig. 12 for a diagrammatic representa- 
tion of this problem. 

It is instructive to compute the following quantities: 

1. Volume of tunnel-head gas leaving the furnace per minute. 

2. Volume of free air per minute at the blower intake, neglect- 
ing any possible leakage between the blower and the furnace. 

3. B.t.u. as potential heat of combustion in the furnace gas, 
expressed as per cent of the heat of combustion of the fuel. 

4, Percentage of the carbon in the coke charged which is burnt 
at the tuyéres. 

1. Volume of tunnel-head gas. First compute the amount of 
water vapor in the air and that formed on combustion. 
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Mols of water vapor: 
a. From air, 72°F., 82% relative humidity; pressure H,O = 


0.82(0.79) = 0.65 in. Partial pressure of dry air = 29.84 — 
0.65 = 29.19 in. 
Basis.—24 hours. 


= 3,020 mols H,0 


b. From coke: 


1048500) (410/100) tes ee, ore arrears 4,310 mols H,O 
7,330 mols H,O 

Mols leaving as Hs, 181,700(0.022) =... 4,000 

IMolstleftracg. els O saree eee een 3,330 

Molsdry Bass ony sh can neeme sean eee 181,700 

Molsttotalscasimcest aan ieee 185 ,000 


Mols gas 
per min. 
185 ,000 


(24) (60) 
2. Volume of free air per minute at the blower intake. 


gas 
181,700 

24) (60 = 37,450 cu. ft. per 
(24) (60) minute 


3. B.t.u. as potential heat of combustion in the furnace gas. 
Basis.—1 mol dry tunnel-head gas. 


Gas Mols oe peat of Product 
~- combustion 
COre ota he Aaa HE i Ts 0.246 68 , 000 16,700 
1g te Se ee Shar Aa Pe 0.022 68 , 300 1,500 
18,200 . 
(181,700) (18,200)(1.8) = 5,950,000,000 B.t.u. potential heat. 


Heat input: (1,048,500) (12,130) = 12,720,000,000 B.t.u. 
1 This is really the water equivalent of the hydrogen in the coke, 


= 
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Potential heat of combustion as per cent of the heat input: 
(5,950,000,000/12,720,000,000)100 = 46.7%. 

Of every 100 heat units charged to the furnace as heat of com- 

bustion of the coke fuel, 46.7 units leave the furnace as potential 

heat of combustion in the gas. It must, however, be remembered 

that heat also enters the furnace as sensible heat in the blast. 

4. Percentage of the carbon in the coke charged which is burnt 
at the tuyéres. At the very high temperature of the bottom of 
the blast furnace, COs, which is the primary product of combus- 
tion of carbon in air, is reduced with extreme rapidity by contact 
with more carbon, substantially completely to CO. This must 
be the condition in the bottom of the furnace, since COs,, if 
present in quantity, would reoxidize the iron to the oxide. It 
therefore follows that in the tuyére zone there must be consumed 
an amount of carbon substantially equivalent to quantitative 
conversion of the oxygen in air to CO. There is actually con- 
sumed an additional amount corresponding to the conversion 
of some of the nitrogen to cyanogen, but this will be neglected. 


gas 
181,700 


= 79.5% 


1,048, 500 


Illustration 2.—A blast furnace producing ferromanganese from 
a pyrolusite ore yields a product containing 77.1% Mn, 15.9% Fe 
and 5.7% C. The dolomitic limestone consumption averages 2,500 
lb. per long ton of ferromanganese produced. Thisstone contains 
43.7% COs. It is impossible to reduce all the manganese out of 
the slag and on the basis of plant experience it is found that the 
manganese left in the slag averages 20% of that in the product. 
The coke employed contains 87% C and 0.4% H, on a dry basis. 
The gas is 7.1% COs, 30.3% CO, 3.2% H,and 59.4% Ne. Compute 
the coke consumption per long ton of ferromanganese produced. 

Solution.—F rom the gas analysis it is possible to compute the 
oxygen in the gas other than that coming from the air. This 
excess oxygen must come from the ore, the CO: from the lime- 
stone and any reduction of water vapor to hydrogen which may 
take place in the furnace. Similarly, from the analysis of the 
ferromanganese one can determine the equivalent amount of 
oxygen given up in the furnace. Furthermore, since the quanti- 


130 INDUSTRIAL STOICHIOMETRY 


ties of manganese in the slag and of limestone used for flux are 
given in terms of the product, this oxygen equivalent of the fer- 
romanganese can be corrected for the oxygen corresponding to 
partial reduction of that part of the manganese which goes into 
the slag and for the COz from the limestone. Therefore, the first 
thing to do is to recompute the analytical data in this way, simul- 
taneously expressing the analysis of the coke on a molal basis. 
Basts.—100 mols dry gas. 


| Mols | Atoms C | Atoms O 

COM i ere een tee ee Cok Wak 14.2 
CORU Aan Peas SES nn wean 30.3 30.3 30.3 
Eline tanae, Bcaicun in clr otek ocemee 3.2 
IN aioe tae hepon ok bin ey roe 59.4 

Rey 2d Uy oceans Aeon A ne 100.0 37.4 44.5 
Oe Nie = 759, 4427-79) mee tee clntones-(ahere Ste nee ics eae 31.58 
O = ore + stone + H:20 reduced (by difference) = ....... 12.92 


Basis.—100 lb. coke. 


a cies Sercoetehh eee cucy aoe 87.0 7.25 atoms C 
18 area's ceca meee iaidh eke 0.4 0.198 mol H, 
Basis.—100 lb. ferromanganese. 
Pounds | Atoms ness One 
equivalent 


oD eT een tee ; : 2.810 

; 0.428 

0.092 

3.330 

Oot Mintines|ags.0:2 (f-405) pce ent ee care eee 0.281 
C in stone, (2,500/22.4)(0.437/44) = 1.108 atoms......... 

O & C in stone tae ee Sol Sather wwe eee 2.216 

Total. O in\gas from ore and)stone = o-. 4. lose eee 5.827 


— 
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Now let x = pounds coke consumed per 100 Ib. ferromanganese. 
.". Cin gas = that in coke plus that in stone minus that in prod- 
uct = 0.07252 + 1.108 — 0.475 = 0.633 + 0.0725z. Likewise, 
the hydrogen in the gas from the coke = 0.001982. 

There are now exact expressions for the total carbon in the gas 
on two separate bases, 7.e., per 100 mols of dry gas and per 100 lb. 
of ferromanganese. Similarly, on the two same bases there 
are expressions for oxygen by difference. However, on the 
ferromanganese basis this figure, 5.827 atoms, is for oxygen from 
ore and stone alone, whereas on the gas basis the figure, 12.92 
atoms, is oxygen from ore, stone and water reduction. There- 
fore, it is not certain that these two figures are comparable. 

First, tentatively assume that the hydrogen in the gas comes 
solely from the net hydrogen in the coke and corresponds quanti- 
tatively thereto, there being no water reduction. If this be true, 
the oxygen by difference, 12.92 atoms, must come from ore and 
stone alone. Therefore the ratio of total carbon in the gas to 
total oxygen given up by ore and stone may be expressed, first, 
on a ferromanganese basis and, second, on a gas basis. By 
equating the two, the following expression is obtained: 


0.633 + 0.0725 _ 37.4. 
5.827 ak eps 


whence x = 224 lb. of coke per 
100 lb. of product. 


It is improbable, however, that no water reduction took place 
in the furnace. Suppose for the moment that the coke had con- 
tained no hydrogen whatever. In that case all the hydrogen in 
the gas must have come from water reduction. Since the hydro- 
gen is 3.2 mols, it follows that the oxygen going into the gas from 
reduction of water vapor would be 3.2 atoms, leaving 9.72 atoms 
from ore and stone. Therefore, again, the two expressions for the 
ratio of carbon to oxygen from ore and stone may be equated, 7.e., 


0.633 + 0.07252 _ 37.4. 
5.827 MeO 79% 


whence x = 301 lb. of coke per 
100 lb. of product. 


Both these assumptions are wrong. Part of the hydrogen 
comes from the coke and the rest from water reduction. There- 
fore, on the gas basis, the oxygen from ore and stone is less than 
12.92 but more than 9.72 atoms. Consequently, the coke 
figured on the first assumption is too low a value and on the 
second too high. On the other hand, inspection of the two equa- 
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tions set up shows that the left-hand side is the same in both 
cases and truly represents the ratio of total carbon in the gas to 
total oxygen given up to the gas from ore and stone. Further- 
more, the numerator on the right-hand side of the equation, 37.4 
atoms, of C, is exact. It only remains to correct the denominator 
of this fraction. Now, on the ferromanganese basis one has an 
exact expression for both total hydrogen from the coke and total 
carbon inthe gas. The ratio of these makes it possible to earmark 
that part of the hydrogen in the gas which comes from the coke. 
Subtracting this hydrogen from the total hydrogen in the gas 
gives the hydrogen formed by water reduction. This yields the 
equation, 


0.633 + 0.07252 _ 37.4 
BiS27 12.92 —(3.2 — 37.4 


0.001982 ) 
0.633 + 0.07252 


whence x = 272 lb. of coke per 100 lb. of product, the correct value 
for the coke consumption. This corresponds to 22.4 times this 
amount, or 6,090 lb. of coke per long ton of ferromanganese. 

This result is obtained by a comparison of the analyses of gas 
and product and, in so far as the data are dependable, the result 
is correct. This does not mean, however, that 6,090 lb. of coke 
were charged to the furnace per ton of ferromanganese drawn 
into the molds. For example, any product lost by emulsification 
in the slag, while not available to the plant, is none the less 
included in the 100 lb. of ferromanganese used as a basis in this 
problem. Similarly, the coke consumption figured is coke 
actually reacting in the furnace and would not include any coke 
dust blown out the top with the gas. It is necessary to keep such 
corrections clearly in mind when comparing a computed result 
with plant figures. 

Because the solution of this problem depends on the ratio of 
carbon to oxygen in ore and stone, and, in the case of the gas, 
this oxygen is obtained as a difference between relatively large 
quantities, the result is very sensitive to slight errors in the gas 
analysis, whether due to poor sampling or carelessness in the 
analysis itself. Thus, if the CO, in the gas analysis as given 
above is assumed too low, and the CO too high, by 0.5% each, 
the coke consumption computed by the above method becomes 
6,200 lb. per ton of product, an error of 4.6%. Since the analysis 
of so simple a gaseous mixture should be accurate to at least a 


7. 
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quarter of 1%, the coke consumption computed in this way 
should be accurate roughly to 2 to 4%. Furthermore, it is 
obvious that the whole method depends on an accurate knowledge 
of the state of oxidation of the components of the ore. 

If the production rate of the furnace is known, it is then 
possible to compute the rate of air consumption, the gas produc- 
tion and similar values, as was done in the preceding problem. 

Illustration 3.—An open-hearth furnace is fired with a producer 
gas of the following analysis: 3.9% COz, 0.3% illuminants (C3H.), 
26.7% CO, 4.8% CH4, 10.4% He and 54.4% Ne. The coal used 
in the producer contains 78.8% C. At 4:40 a.m., the whole 
charge having been previously melted and brought up to 2820°F., 
oreisadded. Forty minutes later asample of the stack gas at the 
outlet of the checkers is taken and found to contain 14.0% COn, 
6.8% O2 and 79.2% Ne. At this time in the heat, the producers 
are being run at a coal consumption rate of 4,350 lb. per hour. 
The steel production of this furnace is 250,000 lb. per heat. 
Calculate the rate at which the carbon content of the steel is 
being reduced, expressed as per cent per hour at the time the 
stack-gas sample was taken, 7.e., at 5:20 a.m. 

Solution.—The carbon is eliminated by interaction of the 
carbon in the molten steel with the iron oxide in the slag. At 
this temperature this reaction produces almost pure CO. The 
gas must, however, bubble out through slag containing FeO, the 
only oxide of iron likely to be present this long after the addition 
of ore. FeO will oxidize the CO to COs, but at this temperature 
the equilibrium of the reaction is only a little under 90% CO. 
Since the oxidation will not reach equilibrium, no appreciable 
error will be made by assuming that the gas leaves the bath 90% 
CO and 10% COsz. 

Basis.—100 mols flue gas. 


Gas | Mols | Atoms C | Mols O2 
(CO cao eects wlals, oi 14.0 14.0 14.0 
(OR oS ae Bee ote eo acer Ine 6.8 6.8 
INGE Teo iiie nisteleccsce te 79.2 
GT Rae | Somers Weve Besar een otc 100.0 14.0 20.8 
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Basis.—100 mols of producer gas. 


nn aE EEE dE SEEaSEESSSS 


Gas Mols Atoms C | Mols O,. | Mols He 

COgtiabrAues sRei eo ehaatnt eee 3.9 3.9 3.9 
JON (ORs) Poe he hs tire ene, oe: 0.3 OF9 eo ieee 0.9 
OI Rte OR tee en vite 26.7 26270 15). 37d, 
(isin: Aas A ear | 1) teres ae 8.6 
18 Gan coe ein eee artes LOSE | a Ake es meter ee 10.4 
ING aaa ieee Bn te ere tora 54.4 

Total eae et ee LOO 35.8 1225 19.9 


Oz required for combustion, 35.8 + 19.9/2 — 17.25 = 28.5 
N. = O, required for combustion, 28.5(79/21) = 107.2 
Let x = mols excess air used in combustion , 
= atoms C brought in from bath. 
Total C in flue gas = 35.8 + y 
Total O2 in flue gas = 35.8 + 0.90y/2 + 0.10y + 0.212 
Total Ne in flue gas = 54.4 + 107.2 + 0.792 


35.8 + y _ 14.0 
54.4 + 107.2+0.79% ~~ 79.2 
35.8 + 0.55y + 0.217 — 20.8 
54.4 + 107.2+ 0.79% 79.2 
Solving these equations simultaneously, 
gis 184: y's 115: 


This means that for every 35.8 atoms of C from the fuel, 2.e., 
from the producer gas or ultimately from the coal, 11.5 atoms of 
C are evolved from the steel. 

Hence the rate of carbon removal from the bath is 


x (in flue gas) = 


N (in flue gas) = 


Pounds C per 
hour 
4 ,350(0.788) 


C per hour 
from the steel 
Is 


= 0.44% reduction per hour in 


250 
000 the carbon content of the steel! 


The actual rate of reduction, as determined by direct analysis, 
of the metal was 0.47%. 


1 The weight of metal should be corrected for carbon and other elements 
removed, iron formed by reduction, etc., but the error is small. 
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The result computed in this way depends for its accuracy not 
only on proper sampling of the flue gas (easily done at the checker 
outlet) but also on an exact knowledge of the firing rate at the 
time the flue-gas sample is taken. If the producers are fired at 
uniform rate, the computation may be based on the ultimate 
analysis of the coal instead of on that of the producer gas (see 
Chap. ITI). 


CHAPTER VIII 
STOICHIOMETRY OF PLANT DESIGN 


There are two ultimate functions of industrial stoichiometry. 
The first of these is to permit analysis of data representative of 
present plant operations, the calculation of quantities otherwise 
difficult of direct measurement and, in general, the securing of an 
accurate and quantitative vision of what is actually taking place 
within a process, thus providing information which, without the 
aid of this tool, would be entirely wanting or at best only empiri- 
cal and qualitative in nature. Hitherto, discussion has been 
devoted almost exclusively to illustrations of this important 
function. 

The second and no less important purpose is the interpretation 
of laboratory data in terms of large-scale production. One type 
of problem falling under this second head is the design of equip- 
ment for a process, having available as data the physical and 
chemical characteristics of the materials involved, and another 
is the design of large-scale units from data obtained by laboratory 
experimentation upon a process in the development stage. 

As an example of the first type, the tunnel kiln is widely used 
for burning brick and other ceramic ware. The design of such 
a kiln for the manufacture of a particular kind of brick for which, 
perhaps, it has not hitherto been employed, reduces itself to a 
question not of fundamental laboratory research, but of finding 
the heat requirements of the materials, of deciding upon the fuel 
- to be used, of estimating radiation losses, ete. Given these 
estimates and certain characteristics of the materials involved 
in the construction, one may proceed with the actual design of 
the kiln itself. The methods by which the stoichiometric 
problems involved in such design are solved are illustrated in 
Chap. VI on the Stoichiometry of Furnace and Kiln Design. 

It is the purpose of this chapter to indicate the methods by 
which the other type of problem may be treated, viz., the calcu- 
lation from data obtained on a small scale in the laboratory, of 
plant and equipment for full-scale operation and the estimation 
of the performance to be anticipated from such equipment. 

. 136 
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In the development of any new proposition, whether it be 
based upon a newly discovered reaction, the utilization of an 
old reaction for a new purpose or the introduction of a process 
used elsewhere, data for which are not available, the inexperi- 
enced worker is prone to do his first experimentation upon entirely ° 
too large a scale. Such development should always be stepwise. 
The first stage is the thorough study of the proposition by the 
ordinary methods of the laboratory. The second stage should 
involve carrying out the process on the largest laboratory scale 
compatible with reasonable precision and dispatch, but duplicat- 
ing, so far as practicable, the concentrations, pressures, tempera- 
tures, times of reaction and other operating conditions which, so far 
as can be foreseen, will obtain in plant operation. The next step 
is the construction of a single full-scale unit. This is followed 
by development on a semicommercial scale which, if the process 
be successful, will grow into the full commercial plant. Attheend 
of each of these stages of development, it is imperative to subject 
the results obtained to critical analysis, in order to base thereon an 
intelligent decision as to the advisability of further development 
and, in case such development is justifiable, to design equipment 
for the next stage on the basis of the data already obtained. 

At the end of any one stage of development, however early 
in the series this may be, in order to form an intelligent opinion 
as to the ultimate practicability of the process, it is usually 
necessary to make tentative designs and estimates of the ulti- 
mate plant, even though the next stage in development may be 
on amuch smaller scale. Otherwise, estimates as to commercial 
practicability may be very misleading. It is obvious that the 
methods of computation will be substantially parallel, whatever 
the proposed increase in scale of operation may be. The follow- 
ing illustrations will, therefore, be limited to the estimation of the 
ultimate plant from data obtained on large-scale laboratory 
experimentation. This does not imply that, in the process of 
development, the full-scale plant is the next thing to construct. 

While the methods employed in such computations are broad in 
character and applicability, it is difficult to appreciate them fully 
when they are presented in general terms, and henceitis deemed best 
to develop them in connection with the solution of specific problems. 

Illustration 1.—It is proposed to manufacture iron-oxide red 
by the following process: Commercial ferrous sulfate is dissolved 
in water and precipitated with a solution of sodium carbonate, 
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The sludge thus obtained is very gelatinous, difficult to filter 
and practically impossible to wash free of sodium sulfate. It 
can, however, be drained on a filter to a reasonable consistency 
and, if then dried and heated to not less than 150°C., it is 
dehydrated and its colloidal character so completely destroyed that 
it can readily be washed. The washed precipitate must now be 
ignited in a stream of air to a temperature not less than 705 and 
not more than 725°C. If the temperature is too low, the red 
color of the product is not fully developed, but the oxide is of a 
yellowish hue. If heated too hot, the color becomes purplish 
and the product loses its covering power. 

In order to secure data upon which to base the design of equip- 
ment for the process and a decision as to its commercial practica- 
bility, the following experiment was conducted: 1,340 g. of soda 
ash containing 56.5% Na.O were dissolved in water to give a 
solution weighing 3,680 g. and having a specific gravity of 1.27. 
This was filtered from insoluble matter on a cloth filter. The 
solution covered 50 sq. in. of filter area and passed through in 
14 min. under a head averaging 1 in. of solution. A second 
solution weighing 5,400 g. (specific gravity, 1.38) was made by 
dissolving in water 3,000 g. of copperas containing 22.5% Fe. 
Upon mixing the two solutions at a reasonably uniform rate, 
frothing took place to the extent of 30% of the combined volume. 
The total time required for mixing was 40 min. 

Filtration of the resultant sludge on 200 sq. in. of cloth filter 
under a filtering head of 2} in. was accomplished at an average 
rate of 650 cc. per hour. The wet sludge thus obtained weighed 
2,700 g. and had a specific gravity of 1.6. After drying under 
heat, the weight was reduced to 1,260 g. and the specific gravity 
to 1.1. The sludge then being in condition to wash, 3,000 cc. of 
wash water were used on 80 sq. in. of filter under a head of 23 
in., the time required to pass through being 53 hr. The pre- 
cipitate was then heated to 715°C. for 40 min., the temperature 
being controlled to within 10° of this point. Before heating, 
the weight was 2,250 g. and after heating 987 g., the rouge so 
obtained containing 97.2% Fe.Os. 

Basing calculations upon the above data, it is proposed to 
make a preliminary estimate of the quantities of materials and 
sizes of equipment required to produce 5 tons of oxide per day, 
and also to calculate the efficiency of the process as carried out 
on the laboratory scale. 
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There are many ways of making the required conversion from 
metric to English units and from small to large scale, but the 
following is one of the easiest to visualize. This laboratory 
experiment employed 1,340 g. of soda ash and 3,000 g. of copperas 
and produced 987 g. of product. The corresponding figures are 
shown in the left-hand column of the subjoined table. Imagine 
a new experiment performed, using this same raw material and 
going through the same process, but starting with 1,340 lb. of 


Grams Material Pounds 
1,340 Soda ash taken 1,340 
3,680 Solution formed 3,680 
3,000 Copperas taken 3,000 
5,400 Solution formed 5,400 
2,700 Wet sludge obtained 2,700 
1,260 Dry sludge obtained 1,260 
2,250 Sludge after washing 2,250 

987 Final oxide 987 


soda ash and 3,000 lb. of copperas. It is obvious that the 
product would be 987 lb. of oxide and that the data could be 
tabulated as in the right-hand column of the same table, the 
figures being identical with those in the left-hand column but 
here signifying pounds instead of grams. It should, however, 
be clear that this identity of numerical values applies only to 
weight figures in the two cases, 7.e., in the actual experiment 
and the hypothetical one. In the second table, the data of the 
first are rearranged and expanded. The first column of figures 
gives the laboratory data. The second column gives the equiv- 
alent data for the hypothetical case of using pounds instead of 
grams. In this table, however, volumetric data are also included. 
The specific gravity of a material, being merely the ratio of its 
weight to that of an equal volume of water, is, obviously, numeri- 
cally the same in all systems of units. The density of a material, 
its weight per unit volume, is its specific gravity times the density 
of water. In metric units the density of water is nearly unity, 
its absolute value depending on the temperature. In this 
problem its deviation from unity is neglected. Similarly, the 
density of water in English units is taken as 62.4 lb. per cubic 
foot. Hence, English density is obtained by multiplying metric 
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Laboratory Equivalent data in | Plant data (10,000 


data English units lb. product) 
Weight soda ash taken..... 1,340 g. 1,340 lb. 13,580 Ib. 
Weight solution formed..... 3,680 g. 3,680 Ib. 37 , 280 lb. 
Density of this solution.....] 1.27 g. perce. | 79.25 lb. per cubic foot|79. 25 lb. per cubic foot 
Volume of this solution..... 2,898 ce. 46.45 cu. ft. 470.5 cu. ft. 
Weight copperas taken..... 3,000 g. 3,000 Ib. 30,390 lb. 
Weight solution formed..... 5,400 g. 5,400 Ib. 54,720 lb. 
Density of this solution..... 1.38 g. per ce. | 86.1 Ib. per cubic foot | 86.1 lb. per cubic foot 
Volume of this solution..... 3,913 ce. 62.75 cu. ft. 635.5 cu. ft. 
Weight of wet sludge....... 2,700 g. 2,700 lb. 27,350 Ib. 
Density of wet sludge...... 1.6 g. per ce. | 99.8 1b. per cubic foot | 99.8 lb. per cubic foot 
Volume of wet sludge....... 1,687 cc. 27.05 cu. ft. 274 cu. ft. 
Weight of dry sludge....... 1,260 g. 1,260 Ib. 12,770 Ib. 
Density of dry sludge...... 1.1 g. per cc. |68.65 Ib. per cubic foot| 68.65 lb. per cubic foot 
Volume of dry sludge....... 1,145 ee. 18.35 cu. ft. 186 cu. ft. 
Weight wash water......... 3,000 g. 3,000 Ib. 30,300 Ib. 
Weight wet oxide.......... 2,250 g. 2,250 lb. 22,800 lb. 
Weight dry oxide (product). 987 g. 987 lb. 10,000 lb. 


density by this figure. In any units, volume is obtained by 
dividing weight by density. Further explanation of the first 
two columns of figures is unnecessary. 

The plant is, however, required to produce 10,000 lb. of oxide 
per day, 7.e., 10,000/987 = 10.13 times the output of the hypo- 
thetical scale of the second column. Hence, the scale of the 
plant, both in weight and volume, is 10.13 times as great. The 
third column of figures represents the plant scale required and 
the quantity figures in it are obtained by multiplying the 
corresponding ones of the second column by 10.13. 

A little thought will make it clear that the middle column 
of figures can easily be discarded. Doing so is equivalent to 
making the conversion by the following sort of proportion: 
If 3,000 g. of copperas produce 987 g. of oxide, then zx lb. of 
copperas will produce 10,000 lb. of oxide, 7.e., 
3,000g./987g. = x lb./10,000 lb., or = (10,000/987)3,000 = 

10.13(3,000) = 30,390 lb. 
This method of working the problem by proportion is entirely 
legitimate, but it is necessary to make sure that the units cancel. 
It is thus seen that the ratio 10,000/987 = 10.13 is a sort of 
conversion factor for weights only, directly from grams on an 
experimental scale to pounds on a plant scale. 

It is obvious that equipment must be provided of capacity 
ample to handle the volumes and quantities thus computed, 
including adequate allowance for factors such as frothing and the 


= 
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like. The design of such equipment, other than this computa- 
tion of its capacity, is beyond the scope of this book. 
Illustration 2.—Assume that it be desired to produce a solution 
of NaOCl from one of CaOCl, by precipitation with soda ash. 
It is understood that the product is to be decanted from the 
precipitate and the precipitate washed three times by decanta- 
tion, using equal volumes of wash water each time, totaling 
sufficient to make up the next batch. The reason for this is the 
impracticability of concentrating dilute bleach solutions. The 
following data were taken from a laboratory experiment: 


Weight of bleaching powder taken............... 286 g. 
Weightotmwater dor solution yoaih., sc: cs os eee 1,660 g. 
ici hit Ol -SOlUtOn!.& nei am [aes aociow eels marco cwee: 1,946 g. 
5) COME ORES ez palin OHS OMEN ONCE In A AO OA He oom oe 1.085 
Cubic centimeters of thiosulfate (0.1107N) for 2-ce. 

SANTI [OLE PRAM eee nent acer ewe A Monin ab thc sas esl bac ts 30.07 cc 
MSIE DEOL POUR BSI eerste sh iwea ale ste Go oie ieee 300 g. 
Weight of water tondissolve. 4... sce ens .% 1,900 g. 
Weightiotssolutioncses matress. cl ck Seo ts we aa 2,200 g. 
Spechic eravdbyyOr SO lUbION: hat seer lors) aerees 1.118 g. 
Cubic centimeters of HCl (0.1856N) for 2-cc. 

(Seuiaayay els [ote scare shes eee bs EMA ENe one at AE 26 .42 cc 
Calculated soda ash solution required, assuming 

bleach = 45% CaO, using 10% excess.......... 2,060 g. 
Riera werbersd CUCU ane cata eet p ane peel Mi aue jyrt aes 45 g. 
Total weight mixed solutions: .....5.5....).0s.0.. 4,050 g. 
Depiaonemal soluibionames..cdeeme eee a a seerae ee 8.0 in. 
Sterielinayess Quacver aver Zjub ash, Riniaten el ace wines ni een) as SIRES ee 2 hr. 
eRemiperatire een eke. cece any. tae the te oho. skates 25°C; 

NiO lit CROCCAM TCO aan sate rt ans uate: pdr Lateety saves tas 2,760 ce. 
NO Me TSI Oe eee Metin acta ae AN a crto uy 924 ce. 
Cubic centimeters thiosulfate for 2-cc. product.... 13.46 ce. 
Sneciiereravaby, Ol Productiawsrien saeniy aera 1.066 
Wash water No. 1: 

‘S) SAOU ILENE EA TAn Ay oie eke side ARORA Oe toc Reem 1.0380 

VOLITIN CMR Pt cet ar cetera aie cies eas agacote eran 1,330 ce. 

MILMIOSU LOMO bE TCC. neie ie 3c te eet serene oe 6.03 ce. 
Wash water No. 2: 

Specitic Sravit Venu tees ocelot 1.020 

AV Olutnine War eee tee sie bar iaye Miavext Grae > rg cient ar > ote 1,340 ce 

Fnrosullahe AOreACemee a Miter chtn se sc2)shefers eis ons Fc 5.84 ce 
Wash water No. 3: 

SDE CIIL COTA Nab Vana nietans iene cere eta vetteoteensis atures 1.010 

Waal lib bans), ben 6 OS Blncy ocOG Ep RMON ION Chee tone. EECA E Ieeor en 1,335 cc 

DMO SMI Ate MOO UCCuaT. cee auras Jacke onthe lac 5.08 ce. 
Sludge: 

WORE TAYE a ata aa choo ets Cea EA ee RCN ORE One TE 910 ce 
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In this problem, the complication arises from the fact that 
in the laboratory the solution was made up with water, whereas 
in the plant wash waters from a previous batch will be used. If 
such wash waters were available in the laboratory, plant condi- 
tions could be simulated. The experiment might be repeated 
in the laboratory, always maintaining the same concentration 
of available chlorine in the product in every experiment, until 
conditions paralleling plant operation are realized, but it is 
easier to compute this. If the experiment had been repeated 
in the laboratory, the second run would not have been compar- 
able with balanced plant operation, because in the first run an 
amount of bleach had to be used sufficient not only to supply 
the product but also to make up the hypochlorite carried in 
process in the wash waters. Hence, the amount of sludge was 
unduly large and the product correspondingly small. In the 
second operation, the sludge would be unduly small and the 
product large. Finally, however, after a sufficient number of 
repetitions, say n operations, these variations will iron out. 
Hence, the problem is to compute the conditions that will obtain 
upon the nth operation. 

Study of the data shows that the volumetric concentration 
of available chlorine in the sludge is somewhat higher than in 
the supernatant liquid, perhaps due to a slight adsorption on 
the sludge. Except for this, the proportion could be written: 

Available chlorine in sludge Volume of sludge 


Total available chlorine in solution Total volume of solution’ 


the solution being the sum of sludge and supernatant liquid. 
It is probably allowable to correct for the excess chlorine in the 
sludge by using a factar a, assumed constant, such that, 
Available Clin sludge _ _ Volume of sludge 
Available Clin solution “Volume of solution’ 
Assuming as a basis a definite, constant total volume of solu- 
tion,! V, after precipitation but before decantation, use the 
following nomenclature: 


A = total weight of available chlorine in process. 


B = weight of available chlorine in product. 
C = weight of available chlorine in combined wash waters. 
D = weight of available chlorine left in sludge. 


v = volume of sludge. 
1 This includes the volume of the precipitate. 
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Designate laboratory (i.e., first operation) conditions by the 
subscript 1; the absence of a subscript indicates final or nth 
operation conditions, still, however, assumed to be carried out ona 
laboratory scale and always under conditions chosen to produce the 
same concentration of available chlorine in the decanted product. 

After decantation of the product in the laboratory, the chlorine 
left behind was C; + D;. Since the volume of water required 
to make up a batch is V, the volume available for each wash is 
V/3. From the proportions given above, it follows that the 
chlorine left behind in the sludge after the first wash is 


QV, 


(Cy + Baars ; after the second, 
1 


av, 


(Cot i (eerie *; and after the third, 
1 


QV, 


(Cp OO) Games ace which must equal D. 


Using this expression, a can be computed from the laboratory 
data, getting a = 1.2. 

The laboratory data show a loss of about 1.5%. Probably 
this is largely due to chemical decomposition. A constant 
chemical loss of this amount will be assumed under all conditions. 

For nth operation conditions the following equations can be 
written: 


B+C+D+0.015A =A (1) 
Oe ROE (2) 

0.985A V 
D = (C+ D)(=4"7R) (3) 
v/v = (A — 0)/A (4) 


The first of these is an available chlorine balance on the operation. 
The second is the distribution proportion discussed above, applied 
to the first decantation of product from sludge. ‘The third is 
the same proportion applied to the washes. The fourth equates 
the ratio of the sludge in the nth operation to that in the first 
to the ratio of the bleach added in the nth to that used in the 
first. The volume of sludge is certainly proportional to the lime 
added, granting constant conditions of precipitation and decan- 
tation. Algebraic transformation of these equations gives 


= 1- 0.9857 [1 — (<p) | 
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Since V = 4,005, a = 1.2 and v; = 910, it is possible to solve 
this equation for v by successive approximation. This gives» = 
729. In other words, if this laboratory experiment had been 
continued repeatedly until nth operation conditions were realized, 
the sludge would have been only 729 instead of 910 cc. and the 
product decreased to the difference between the total volume, 
4,005 cc., and this, or 3,276 cc.1 The nth operation product, 
corresponding to this larger volume, is B = 86.55 g. Hence, 
from the distribution proportion between sludge and total 
liquid, Eq. (2), C + D = 24.2 and from Eq. (3), D = 1.84 g., 
as compared with a sludge loss of 3.58 g. in the first run. Simi- 
larly, A = 112.4. The chemical loss in each operation is assumed 
to be 1.5% of 112.4 = 1.7 g., and therefore the total loss is this 
plus 1.84 g., or 3.54 g. Hence, the chlorine required in each 
operation is the product plus this, or 90.1 g., and the total per- 
centage loss is 3.9%. The most essential data relative to nth 
operation on a laboratory scale may, therefore, be tabulated 
as follows: 


‘otalichlormnenn|processee. «isi. see eee eee 112.4 ¢. 
Totalyolume ot mainysolutionaguce. a2 ae eee eee OO Dace 
Volumes ont products sce sin ve at ete eee Renee 3,276 ce. 
Volume: of slid ees Bae aes ae cis ee a ns 729 ce. 
Chiorimenneproducteem ser yor eee on eee eee 86.55 g. 
Chlorine returned from previous run............. 22 .36 g 
Chiorinelosscy eco ra ey ert eae Ore oe o-0 2: 
Per cent of chlorine m product. ..0.....8......4-. 2.82 


Were it required to carry out this process, using in each case 
the wash waters from the previous batch, operating to produce a 
2.82% product containing 1,000 lb. of available chlorine from 
each batch, the conversion of this table to English units can be 
made by the methods of the preceding problem, first assuming 
that the experiment had been carried out in pounds instead of 
grams and then increasing the scale in the ratio of 1,000/86.55. 
All weights are converted by this factor alone. The volume of 
the product may be found by getting its weight on a laboratory 
scale by multiplying its volume by its density, 4,005(1.066) = 
4,270 g., converting this to pounds on a plant scale by multiply- 

1 Note that in the laboratory experiment too much wash water was 


used, so that the total chlorine in process in the laboratory cannot be used 


at this point. The computations assume nth operation expanded to a total 
volume of 4,005 cc. * 
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ing by the factor, 1,000/86.55 and then reducing this to cubic 
feet by dividing by English density, (1.066)(62.4), obtaining 
thus a total volume of 742 cu. ft. It will be noted, however, 
that in doing this the specific gravities cancel. Thus consider 
the sludge, the gravity of which is unknown. Call this gravity 
s. Hence, the laboratory weight of sludge was 729s and the 
plant weight is 729s(1,000/86.55) lb. Hence, the plant volume 
is this divided by English density, 62.4s, or 
729(1,000/86.55)/62.4 = 135 cu. ft. 

The factor converting weights from one scale to the other con- 
verts any volume on the first scale to the volume of an equal 
weight of water on the second. 


Basits.—1,000 lb. available chlorine produced each batch. 


Motalichlorineanwprocessvskeye seas ace eee ee 1,299 lb. 
Votalvolumeror maimsolution. =...6..5.0.. 26 tee 742 cu. ft. 
NWolwmesote produ chr, stecmeeata as cites ssn s aa 607 cu. ft. 
Volume olesludcewpar cre: a0 tks hod aie Ld thao eae 135 cu. ft. 
Cinlorimering oro ducting. sik ec oet Oils tes datos 1,000 lb. 
Chlorine returned from previous run............. 258 lb. 
Chionineloss gay ees yee hyenas esti ae he Oe 41 lb. 
Percent or chiorine in product..c...aa.. 05220. 2 2502 


In the laboratory experiment, the input was 105.9 g. of avail- 
able chlorine. However, there were recovered in the wash 
waters 27.9 g., leaving, after crediting this, a net input of 78.0 g. 
The product was 72.9 g. and the loss, therefore, 5.1 g. Of this 
3.6 g. were accounted for in the sludge due to incomplete washing 
and the rest, 1.5 g., were caused by decomposition and other 
losses. The percentage loss was, therefore, 100(5.1/78.0) = 
6.54%, and the percentage chlorine efficiency 100 minus this, 
or 93.46%. On the other hand, it was shown above that under 
nth operation conditions the total percentage loss is 3.9%, only 
60% as great as the laboratory loss. The corresponding chemical 
efficiency of the nth operation is 96.1%. ‘This higher efficiency 
is due to the fact that, when part of the chlorine in process is 
returned in the wash waters from the previous batch, the volume 
of sludge is lessened, since the wash waters contain no calcium 
to be precipitated. Since the amount of wash water available 
is fixed, the smaller sludge is washed more completely and the 
losses thereby reduced. It is essential to keep in mind the fact 
that, whenever material is recovered from a process for recycling, 
the efficiency realized in the laboratory does not represent that 


146 INDUSTRIAL STOICHIOMETRY 


to be anticipated in the plant, but must be corrected for this 
recycling effect. It will be shown in the next problem that 
recycling does not always result in an increase in efficiency over 
that of the laboratory. 

Illustration 3.—The following is the data sheet of a laboratory 
experiment on the production of sal soda by recrystallization of 
soda ash, with particular reference to the elimination of chloride 
from the product. 


Wieightiotisodaras hte were crate staan rere te 5.0 lb. 
Bulky densitysot soda ash. ee aise ae el 0.673 g. per ce. 
tAnglevot-slipi. jst. serene asses cen aver sslarianeees 43 deg. 
Wieirbtob watery: ae anne ee bona 
A Wehaavercotae=i0) iN Ln (yelper cree Oi someone sacrum 34 min. 
Temperature of solution.......-....------+ HES 
WGA NOHO AO Na Greece ease eo ete 17 .2 Vb. 
Specific gravity of solution................ 1.280 
Soda ash analysis: 

FO paar eg pcre sant Rest eee pense come. Sie, 57.1% 

BO Fae ALN Reo Rin CREE IPA chin oe Coca ES IES Henle 42.1% 

Geo Re as fe EE, gs ea 0.40% 
Mime ofsfiltration®:, scar clas ee eer ae 32 min. 
ATCA OLS Lebtac Merce eae the ken. eae eRe 126 sq. in. 
IDepthvoivilterte am mci iice Bese eer ee 2.85 in. 
Wieightiob filtratedasn sacenieaosens Sree 16.6 lb. 
Lbemperatureloienlprabess ier eile 5153°C2 
Specific gravity of filtrate................. 1.289 
Wieightiofiwash water... -s....05 tesa s tee 5.59 lb. 
Temperature of wash water................ 40.9°C. 
Specific gravity of wash water............. 1.009 
Analysis of wash water: 

IN 83 © ee ihess hac teal eon Re ee ic ee 0.66 

CORE seis Ne oe cen aar eae eee ier eee 0.49 

Seay ars Sas csteg cen akc ae hoe a ae 0.009 
Mimevotecrystallization ene ers aera 25 hr. 
Weightotubatchteet-: & soars cee ae 16.1 lb. 
emperature ofsbatchucnm sas sae nee ee 
Weight of mother liquor.................. 5.91 |b. 
Temperature of mother liquor............. 22°C, 
Specific gravity of mother liquor........... 1.203 
Analysis of mother liquor: 

Nias Od! sites esses Ve RNs ORC te cle PARE I as 10.83% 

Oa te ded acl tora oka nana ee en circa 7.50% 

LO ian Urner niant sis COB ora wD SG obi o oF 0.29% 
Weight of wash water No. 2 (from washing 

CLYBtBIS) <4) Shane. ereretcere oe arse eee eee 3.39 |b. 
Temperature of wash water................ 20°C. 


Specific gravity of wash water............. 1.104 
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Analysis of wash water: 


Na2O eae ene teat) lah aia Unb ara Va sita reins) crnetgiat Ta Sire stig fovea .06 % 

COM a eet te le ee ee 5.24% 

Operetta, EU mam Nara tn eye A Tira 0.155% 
Wierehttwonsmono ductus, oi onthe wc eee 10.0 lb. 
SUS e ma Sity Seen ern Tees Senet CP ee) 0.901 g. per ce. 
FAM e evOtasliO whe at tier ces ir Ses ae 46.1 deg. 
Analysis of product: 

INYO) oi che Che yes Sa nae LSE Dera a 20.89% 

CHORE AIS Serta eRe ein ae EU 14.93% 

(CH aera Peco: Bema CCN ge NP oat eave arts 0.009% 


Under plant conditions, it is obvious that the soda ash would 
be recrystallized from a solution made up partly with the wash 
waters and mother liquor from the previous batch and partly 
with fresh soda ash. The chloride would accumulate in the 
mother liquor. Assuming that each time a recrystallization is 
carried out a certain amount of mother liquor will be discarded 
sufficient to get rid of excesschloride, what fraction of the mother 
liquor must be thus discarded under conditions of nth operation 
in order to keep the percentage chloride content of the product 
down to one-tenth that of the soda ash? 

Chloride is found in the product due to included and entrapped 
mother liquor, to mother liquor left adhering to the surface of the 
crystals and perhaps to a certain degree to solid solution. In any 
case, for constant crystallizing conditions, 7.e., constant con- 
centration of initial solution, temperature of final solution and 
rate of formation of crystals, the ratio of chloride in the product 
to that in the mother liquor should be constant. It will, there- 
fore, be assumed that this ratio experimentally determined in 
the laboratory (0.009/0.29 = 0.031) will also apply to plant 
conditions. 


NoMENCLATURE—CONDITIONS OF 2TH OPERATION 


Total weight, |Weight fraction|Weight fraction 


pounds Cl Na.,O 
Crystals, product........ C x 
Mother liquor........... M y v 
Oda ashineoces me ctl ers S z w 


a, 
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1~— a = fraction of mother liquor discarded each time. 
From the assumption above, « = 0.12. An alkali balance gives 


wS + aM = uC + 0M }+ losses. 
A chloride balance gives (since y = x/0.031) 
2S + azM/0.031 = «C + xM/0.031. 


It will be noted that in both balances the wash waters are 
ignored because the wash water from the preceding batch is 
identical in amount and composition with that discarded from 
the batch in question. An alkali balance on the laboratory 
data shows an output slightly greater than input. This is, of 
course, due to experimental inaccuracy. For plant conditions 
it will be assumed that fortuitous alkali losses are 1% of the 
daily product. Remembering that the crystallizing conditions 
are assumed constant and that, therefore, the value of M/C is 
identical with that in the laboratory experiment, 0.591, these 
equations can be solved, obtaining a = 0.842, showing that 
15.8% of the mother liquor is discarded each time. The soda- 
ash consumption per pound of crop is 0.401. This corresponds 
to a soda-ash loss of 8.8%. Inother words, the chemical efficiency 
under nth day conditions is 91.2%. 

From the data tabulated above, it will be instructive to com- 
pute the volumes of solutions to be handled and of raw materials 
and products obtained. From these it is possible to compute 
the volumes of tanks and cystallizing pans required, the dimen- 
sions of storage bins necessary to hold raw materials and product 
for any desired time of storage, and the like. 


CHAPTER IX 
CRYSTALLIZATION 


In approaching problems in crystallization it must be kept in 
mind that, where miscibility is not complete, at equilibrium any 
particular substance, whether gas, liquid or solid, will, at a 
given temperature, dissolve in a specific liquid to a definite 
extent. This is called its solubility in the liquid in question, 
and in the case of solids and liquids is usually expressed as parts 
by weight of the substance dissolved per 100 parts by weight of 
solvent. For each substance and solvent, the solubility changes 
with the temperature and this temperature-solubility curve must 
be determined experimentally. Usually, solubility shifts rapidly 
with the temperature, and, since the change is approximately 
geometric, it is best to plot the experimental points on semi- 
logarithmic paper. In the case of two liquids, each usually 
dissolves in the other; both solubilities must be determined 
experimentally and are normally expressed as stated above. 

Each different form of the same substance has its own charac- 
teristic solubility curve, e.g., the solubilities of the various allo- 
tropic forms of sulfur in benzene, etc. This is likewise true 
where the substance forms chemical compounds with solvent of 
crystallization, each such compound having its own specific 
solubility. Where the solubility curves of two forms intersect, 
the two must obviously be in equilibrium, 7.e., a transition point 
is dealt with. At any specific temperature that form having 
the lowest solubility is most stable; hence, on opposite sides of 
a transition point the stability of the two forms is interchanged. 

Solvent of crystallization introduces certain confusion in 
expressing solubility. Although the saturated solution of a 
definite substance at a given temperature has a fixed composition, 
this may be quoted in different ways. Thus the solubility of 
Glauber’s salt (NazSO4.10H.O) might be stated as the weight 
of this salt which, when dissolved in 100 parts by weight of 
water, will give a saturated solution. In this solution, however, 
it is impossible to distinguish between water of crystallization 
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and what might be called ‘dissolving’ water. Hence the 
composition of this same solution might be reported as parts of 
anhydrous salt per 100 of total water. Furthermore, this 
solution might have been made up by dissolving Na»SO..7H20 
in water; hence, it might be convenient to have the solubility 
of the Glauber’s salt, z.e., the composition of this same solution, 
expressed as parts of Na»SO..7H2O per 100 of water. Finally, 
since the anhydrous salt and that with seven waters of crystal- 
lization, as well as Glauber’s salt, have their own specific 
solubilities, each of which, except at transition points, will differ 
from that of the other two salts, and since each can be expressed 
in terms of the other two, it is possible to have at a given tem- 
perature nine numerically different solubility figures for the 
system, sodium sulfate and water. However, in three groups 
each containing three of these solubilities, the figures are quanti- 
tatively equivalent. The following table, giving seven of these 
nine possible solubilities at 20°C., is taken from a standard book 
of chemical tables. 
SoLuBitiry oF Soprum SuLPHATE AT 20°C. 
Anhydrous Salt 


Crystals, Decahydrate Crystals, Heptahydrate 


| 


NazSO4.10H20) Na2SOu 


Na2S04.7H20 ones 
58.35 | 44.73 


140.0 | 243.4 


Na2S04 
52.76 


Na2804.10H20 
361.5 


Na2SO. 
19.40 


Computation shows that, in the last number, two of the digits 
are transposed. It will be instructive to compute, one from the 
other, the corresponding solubilities in each of the three groups. 

Because of the simplification, modern tables usually give all 
solubilities, as parts by weight of anhydrous salt per 100 parts 
by weight of solvent or of solution, at the same time stating 
clearly the nature and the composition of the solid phase. In 
older tables the practice is divergent. 

.Under commercial conditions of crystallization, there are 
usually present in the form of dust sufficient nuclei so that the 
most stable phase separates out. Furthermore, in pan crystal- 
lization with slow cooling, equilibrium is approached closely, 
the difference not infrequently amounting to less than a degree, 
because, if crystals form at the bottom of the pan, the solution 
from which they- deposit becomes lighter, rises to the top and 
is replaced by heavier, while if the crystals form initially at the 
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top, as soon as they get heavy enough to fall, their downward 
motion stirs up the whole liquid, thus keeping the composition 
of the solution substantially uniform in any case. Computation 
may, therefore, safely be based on the assumption of equilibrium. 

During crystallization, in the absence of evaporation, the 
“‘dissolving”’ solvent, z.e., that in the solution in excess of solvent 
of crystallization corresponding to that form of crystal which 
separates out, remains constant during the process and is, there- 
fore, a suitable basis for computation. Thus, if a solution con- 
sisting of 80 g. of NasSO..10H2O dissolved in 100 g. of water be 
cooled to a temperature at which the solubility expressed as 
parts of Na2SO.4.10H2O per 100 of water is 20, 60 g. of this salt 
will separate out, leaving a mother liquor of 120 g. The rela- 
tions in other solutions falling between the same concentration 
limits are, of course, found by proportion. Where evaporation 
takes place it must be allowed for. 

The following problems require in solution the introduction 
of no principles other than those already explained. Unless 
otherwise stated, all solubilities are given as parts by weight of 
anhydrous salt per 100 of solvent. 


PROBLEMS 


1. One thousand two hundred pounds of Ba(NO3). are dissolved in suffi- 
cient water to form a solution saturated at 90°C., at which temperature the 
solubility is 30.6. This solution is cooled without evaporation to 20°C., 
where the solubility is 8.6. What is the weight of water required for solu- 
tion and of the crop of crystals obtained? Ans. 3,920 lb. water; 862 lb. crop. 

2. One thousand pounds of KCl are dissolved in sufficient water to make 
a saturated solution at 90°C., at which temperature its solubility is 53.8. 
This solution is cooled without evaporation to 20°C., at which temperature 
its solubility is 34.7. What is the weight of water required for solution, 
and what is the weight of the crop of crystals obtained? Ans. 1,857 lb. of 
water, 355 lb. of crop. 

8. One thousand six hundred pounds of a 16% solution of Ba(NOs)e 
are cooled from 90°C. without evaporation to 20°C. (see problem 1). What 
crop is obtained? Ams. 140.7 lb. 

4. One thousand pounds of a 30% solution of I<Cl are cooled from 90°C. 
without evaporation to 20°C. (see problem 2). What crop is obtained? 
Ans. 57.1 lb. 

5. Solve problem 1 on the assumption that 10% more water is to be 
used than that necessary to give a saturated solution. Ans. 829 lb. crop. 

6. Solve problem 2 on the assumption that 122% more water is to be 
used than that necessary to give a saturated solution. Ans. 2,090 lb 
water, 274 lb. crop. 
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7. Solve problem 1 on the assumption that the solution is to be made up 
90% saturated at 90°C. Ans. 826 lb. crop; 3,920 lb. water. 

8. Solve problem 2 on the assumption that the solution is to be made up 
873% saturated at 90°C. Ans. 2,125 lb. of water, 263 lb. of crop. 

9. Solve problems 1 and 3 on the assumption that in each case 5% of 
the water in the original solution will evaporate on cooling. Ans. 880 and 
148.3 lb. 

10. Solve problems 2 and 4 on the assumption that in each case 74% of 
the water in the original solutions will evaporate during the cooling. Ans. 
1,857 lb. water, 403 lb. crop; 75.2 lb. crop. 

11. Solve problems 1 and 3 on the assumption that in each case, on 
cooling, the loss in weight of the original solution due to evaporation will be 
5%. Ans. 885 and 147 lb. 

12. Solve problems 2 and 4 on the assumption that in each case, on 
cooling, the loss in weight of the original solution due to evaporation will 
be 73%. 


CHAPTER X 
MISCELLANEOUS PROBLEMS 


The preceding chapters deal with problems in particular 
fields of industrial chemistry, developing, however, certain 
methods of calculation well adapted for general use. The 
principles underlying the calculations are in all cases the same, 
involving only the laws of conservation of matter and of energy 
and the law of combining weights. Applied chemistry is too 
broad to warrant, in such a book as this, separate treatment of 
each of its industries, but in this final chapter are given the 
solutions of a few problems of general interest and significance, 
from various sources. 

Measurement of Gases by Dilution.—In a certain plant, it is 
desired to determine the velocity of the gas flowing through an 
irregularly shaped duct in which no measuring devices are 
installed and in which they cannot well be used. Analysis 
shows that the gas contains 0.24% COs. It is decided to deter- 
mine the quantity flowing by bleeding into the gas stream CO, 
from a small, weighed cylinder. A constant rate is maintained 
by means of a flow meter and, after thorough mixing of the 
gases by passing around several bends, the average analysis of 
the mixture is found to be 1.41% COs. The loss in weight of the 
cylinder is 7.94 lb. in 5 min., measured by a stop watch. If the 
temperature of the gas is 120°F., what is its volume, in cubic feet 
per minute? 

Solution.—The ratio of CO» to CO>-free gas in the original is 
0.24/99.76 = 0.0024, and the same ratio after mixing is1.41/ 
98.59 = 0.0143. The increase in this ratio, 0.0119, represents 
the mols of CO, bled in per mol of CO>-free gas. Using this 
figure and the data given in the problem, the volume is 


Mols 
Pounds CO;- Mols | Cubic 
CO: per| Mols free |original] feet 
minute | CO, gas gas Sec: 
LL 2) on as ee al LE poe ale 1,285 cu. ft. per minute. 
5.00 44 | 0.0119 | 99.76 492 
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Dilution of this sort is a method of measurement worthy 
of wider use. It is especially valuable for corrosive gases and 
liquids and in awkward mechanical situations. In using it for 
gases, it is important not to overlook the water vapor in the gas. 

Hydrogenation and Electrolysis.—A fish oil with an iodine 
number of 150 is to be hydrogenated to an iodine number of 60. 
The hydrogen employed is produced by the electrolysis of a 
solution of caustic soda in a diaphragm cell. The hydrogen is 
then carefully washed with water to free it from entrained caustic, 
passed through a hot tube filled with copper gauze, cooled, dried 
and sent to the hydrogenator in which the efficiency of utiliza- 
tion of the hydrogen is approximately 90%. The hydrogen 
leaving the cell shrinks 1.6% when passed over phosphorus, and 
the oxygen leaving the anode compartment, when absorbed in 
‘pyrogallate, leaves a residue of 11%. The electrolysis is carried 
out at a voltage of 3.7 volts per cell, 30 cells being used in series. 
The power cost is 1.5 cts. per kilowatt-hour. 

1. What is the hydrogen consumption in cubic feet, 8. C., per 
100 lb. of fish oil hydrogenated? 

2. What is the power cost of this hydrogen? 

3. What will be the current consumption for a hydrogenation 
unit with a capacity of 1,000 lb. of fish oil treated per hour? 

Solution.—1. As the iodine number represents the number of 
centigrams of iodine added per gram of oil, this may be converted 
into equivalents, giving 1.5/127 = 0.0118 equivalent per gram 
of original oil and 0.6/127 = 0.0047 equivalent per gram of 
hydrogenated oil. In terms of hydrogen, it is seen from these 
figures that, even if the oil were completely hydrogenated, the 
weight would not change greatly. It may, therefore, with little 
error be assumed that these two analyses are on the same basis. 
The hydrogen used will be 0.0118 — 0.0047 = 0.0071 gram equiy- 
alent per gram of oil, or 0.0071 lb. equivalent (or atom) per 
pound of oil. The efficiency of utilization being 90%, the 
number of equivalents of hydrogen employed in the hydro- 
genator will be (100)(0.0071)/0.90 = 0.789 per 100 lb. of oil 
and the volume of this gas is 0.789/2)359 = 142 cu. ft. at S. C. 

2. Owing to diffusion, oxygen also appears in the cathode 
compartment, the analysis showing that the cathode gas con- 


‘If the oil were adding some other element than hydrogen, this simplifica- 
tion could not be made, due to the relatively large change in weight of the 
oil before and after addition, 


= 
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tains 1.6%. On passing this gas over hot copper, all the oxygen 
is consumed by combustion with the hydrogen. One hundred 
mols of this gas, containing 1.6 mols of O» and 98.4 mols of Ha, 
will, after the removal of the oxygen, leave 95.2 mols of Ha, 
owing to the disappearance of 3.2 mols to form water vapor. 
Consequently, 0.789(98.4/95.2) = 0.815 equivalent of hydrogen 
must be produced in the cathode compartment. 

Diffusion also carries hydrogen over into the oxygen side to 
the extent of 11%. The total number of equivalents of each of 
these gases generated must be the same, however, 7.e., the mols 
of hydrogen must be twice the number of mols of oxygen. To 
get the power cost, it is necessary to know the total number of 
equivalents of electricity passed through the cell. Hence, the 
equivalents of hydrogen which have diffused to the oxygen side 
must be determined and added to the 0.815 equivalent calcu- 
lated above. Let x represent the number of mols of hydrogen 
in the anode compartment. Then the total mols of hydrogen 
will be x + 0.815/2. The mols of oxygen in the anode compart- 
ment are obtained by multiplying the mols of hydrogen by the 
molal ratio as determined by the analysis. This equals (89/11)z. 
The mols of oxygen diffusing to the cathode side are also obtained 
by multiplying the mols of hydrogen produced there by the molal 
ratio of oxygen to hydrogen in that gas, and amount to (0.815/2) 
(1.6/98.4). The sum of these two quantities is 8.09” -+ 0.0066. 
Since the total hydrogen equals twice the total oxygen, x + 
0.815/2 = 2(8.092 + 0.0066), whence x is found to be 0.026 
mol. The total hydrogen made is, therefore, 0.815 + 0.026(2) = 
0.867 equivalent. 

As each gram equivalent requires 96,500 amp.-sec., each 
pound equivalent uses 454 times this quantity, since there are 
454 g. to the pound. Thus, the power cost is 


Pound 
equiv- Ampere- Ampere- | Watt- | Kilowatt- 
alents seconds hours hours hours 
ire 
0.867 (454) (96, 500) pty Of ae 5 Doren aes 
3,600 1,000 


This is figured on the basis of one cell. The fact that there are 
30 cells in series would not change the result, because, although 
the voltage drop across the entire system would be 30 times as 
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great, the amperage in each cell would be only one thirtieth as 
much. 

3. Sufficient data are now at hand to calculate the current 
consumption for a hydrogenation unit with a capacity of 1,000 
lb. of fish oil per hour. Assume 30 cells in series as before. 


Basis.—1 sec. 


Equiv- 
Pounds | Equiva- | alents, 
oil lents of H| per cell 


454) (96 , 500 
1,000 | 0.867 EC SO 3,510 amp. 


The last step in the above calculation consists in multiplying 
the number of equivalents per cell per second by the number of 
ampere-seconds required per equivalent to get the number of 
amperes per cell, which, if the cells are in series, is the current 
consumption of the unit. 

Absorption of Hydrochloric Acid.—HCl gas is absorbed from 
air in water in a countercurrent system of three towers, filled with 
coke, over which the water trickles and through which the gas 
rises. The gas enters the bottom of each tower and is led from 
its top to the bottom of the next through an unglazed earthen- 
ware pipe. The towers themselves are of dense, glazed tile, 
each tower in a single piece, carefully painted on the outside with 
multiple coats of asphalt paint. The gas is drawn through the 
towers by an exhauster attached to the gas discharge of the third 
tower, the whole system being under slight suction. The HCl 
solution is pumped from the bottom of each tower to the top of 
the next preceding one in the series. The production is 2,640 lb. 
per hour of 36.2% HCl, 1.18 sp. gr. The tower temperatures 
average 28°C.; the barometer is 29.1 in. 


Liquor ANALYSES 


Sample taken at liquor exit from each tower 


| Tower 1 | Tower 2 


Tower 3 


iPeracent iClear see | 36.2 | 29.9 | 21s 
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Gas ANALYSES 


First three samples taken at bottom of each tower 


Tower 1 Tower 2 Tower 3 Peavine 
tower 3 
er Centon Cle. sare eatin: | 43.1 | 26.0 | 19.0 | OFZ. 


1. Calculate the per cent of the total acid absorbed which is 
dissolved in each of the three towers. 

(a) Using the liquor analyses only. 

(b) Using the gas analyses only. 

2. Calculate the quantity of air (HCl-free) entering both the 
first and second towers. 

3. Calculate the volume of gas leaving the third tower per 
minute. 


Solution. 1a. Basis—100 lb. of entering water. 
Pounds HCl leaving tower 1, (36.2/63.8)100 = 56.75 
Pounds HCl leaving tower 2, (29.9/70.1)100 = 42.65 
Pounds HCl leaving tower 3, (21.3/78.7)100 = 27.05 
Per cent absorbed in tower 1, (100) (56.75 — 42.65)/56.75 = 24.85 
Per cent absorbed in tower 2, (100) (42.65 — 27.05)/56.75 = 27.5 
Per cent absorbed in tower 3, (100)(27.05)/56.75 = 47.65 
1b. Basis —100 mols HCl-free gas. 
Mols HCl entering tower 1, (43.1/56.9)100 = 75.8 
Mols HCl entering tower 2, (26.0/74.0)100 = 35.15 
Mols HCl entering tower 3, (19.0/81.0)100 = 23.45 
Mols HCl leaving tower 3, (0.2/99.8)100 = 0.2 
Mols absorbed, 75.8 — 0.2 = 75.6 
Per cent absorbed in tower 1, (100)(75.8 — 35.15)/75.6 = 53.8 
Per cent absorbed in tower 2, (100)(35.15 — 23.45)/75.6 =15.45 
Per cent absorbed in tower 3, (100)(23.45 — 0.2)/75.6 = 30.75 


If continuity of operation is assumed, the wide divergence 
between the per cent HCl absorbed in each of the towers, calcu- 
lated from the two sets of data, must be due to one or more of the 
following reasons: 

1. Error in the liquor or gas analyses, or both. 


2. Water leaks. 
3. Air leaks. 
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The analytical data are assumed to be reliable; if not, it is 
useless to attempt any further solution of the problem. The 
trouble is evidently not due to the second cause, since water 
leaks would have been noticed during the test. Gas leaks could 
not be detected, however, as such leaks would have been into 
the system because it was under suction. 

2. If the discrepancy between the two sets of results is due to 
air leakage, the percentages absorbed as calculated from the 
gas analyses are in error, whereas those from the liquor analyses 
are accepted as representing the facts. 

From these true percentages and from the gas analyses, which 
correctly represent the conditions at the points taken, the 
amounts of air, or HCl-free gas, entering each tower can be 
calculated. In order to do this, a basis of calculation must be 
chosen such that the quantities of gas can be compared on a 
common basis. Ordinarily, if there were no air leaks, the calcu- 
lations shown under paragraph 16 would suffice, but because of 
leaks they are not on a common basis. The gas analyses on the 
third tower may be used, however, because that was the only 
one of the three on which both gas analyses were taken within 
the tower itself. These two analyses can safely be placed on a 
common basis since, owing to the tower construction, air leaks 
in it seem impossible. The hydrochloric acid absorbed can be 
made a basis for the solution of this part of the problem. 

Basis.—100 mols of HCl absorbed. 

From the percentages of the total acid absorbed in each of 
the towers as calculated from the liquor analyses, the mols 
absorbed in each tower will be as follows: in tower-1, 24.85 mols; 
in tower 2, 27.5 mols; and in tower 3, 47.65 mols. From the 
gas analyses on the third tower, it has already been shown that 
0.2 mol was lost for every 23.25 mols absorbed in that tower. 
Consequently, on the above basis, the mols lost from the system 
are 47.65(0.2/23.25) = 0.41 mol. Thus, 100.4 mols are sent 
to the towers for every 100 absorbed. By using the gas analysis 
at the entrance of each tower, the mols of HCl-free gas at that 
point can be computed: 


Mols E.Clenteringstower ln ac... tence shine oe 100.4 

Mols HCl-free gas entering tower 1............. 100 .4(56.9/43.1) = 132 
Mols HiClentermestowen Qasr ete meee 100.4 — 24.85 = 75.55 
Mols HCl-free gas entering tower 2............. 75.55(74.0/26.0) = 215 
Mols) HC entering towerdreniee cee tac eee 75.55 — 27.5 = 48.05 


Mols HCl-free gas entering tower 3............. 48 .05(81.0/19.0) = 205 
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Inspection of these figures shows that the HCl-free gas entering 
tower 2 is within 5% of that entering tower 3. The difference 
must be due to lack of precision of the data, since the suction on 
the towers makes a decrease impossible. On the other hand, the 
HCl-free gas entering tower 1 is 40% less. This clearly indicates 
an air leak between towers 1 and 2. Taking the average of the 
values for the last two towers, z.e., 210 mols, the air leak in the 
unglazed pipe carrying the gases from tower 1 to tower 2 is 210 
—132 = 78 mols. 

All of these molal quantities can, if desired, be converted nto 
cubic feet of gas. 

3. The gas leaving the third tower will be saturated with 
water, the vapor pressure of which at 28°C. is 1.1 in. Hg. 


Pounds 
liquor | Pounds Mols dry gas} Cubic 
pro- | HClab-]| Mols leaving feet, | Cubic feet at 
duced | sorbed | HCl tower 3 8. C. 29.1 in. 
2,640 | 0.362 (205 + 0.4) 359 29.9 301 


60 | | 36.5 | 100 | \(29.1 — 1.1)|273 


378 
cu. ft. 


Recovery of Solvents.—A fabric which has been impregnated 
with a rubber cement having C,H, as a solvent is dried at atmos- 
pheric pressure by passing flue gas over it and supplying heat in 
the drier to evaporate the solvent. The gas leaving the drier 
contains 20% of benzene by volume on a dry basis. It then 
passes to a cooler, where it is brought to 70°F., and the condensate 
removed. The gas is then returned to the drier. There is a 
certain amount of air leakage into the drier, however, and to 
compensate for this a small amount of the gas leaving the 
cooler is discharged to the atmosphere, while a corresponding 
amount of fresh flue gas is admitted to the system at a point 
just before the recycled gas enters the drier. The analysis of 
the make-up flue gas is 16.2% COs, 2.3% CO and 0.8% Ox. 
This gas is cooled and washed and enters the system at 70°F., 
saturated with water vapor. The discarded gas, freed from 
benzol before analysis, is 14.6% COs, 2.1%CO, and 2.8% Ox. 
The gas entering the drier itself, similarly analyzed, is 14.9% COs, 
2.1%CO and 2.4% Op. Assume complete evaporation of 
benzol in the drier and no leaks other than inward. Thebenzol 
on the stock entering the drier is 1,200 lb, per hour. The 
barometer is 29.55 in. 
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1. What is the volume of gas entering the drier per minute? 

2. What is the volume of make-up flue gas entering the 
system per minute? 

3. What is the percentage recovery of the benzol entering 
the drier? 

4. How many times does a given unit of flue gas circulate 
through the drier before it is discarded? 

Solution.—Consider the system as a whole. ‘The sources of 
input are make-up flue gas, air leakage and benzol; the output 
consists of recovered benzol and waste gas. ‘To find the relation 
between flue gas, air leak and waste gas, an oxygen balance will 
be used. 

Basis.—100 mols of dry make-up flue gas. 

This contains 0.8 mol O2. Let x equal the mols of dry air leak- 
ing in, whence 100 + « will be the mols of dry, benzol-free waste 
gas, carrying 2.8% Os. Therefore, the oxygen balance is 


0.8 + (0.21)x = (0.028)(100 + x), whence 
x = 11.0 mols air and 
100 + x = 111 mols dry benzol-free waste gas. 


The flue gas was saturated with water vapor at 70°F., its 
vapor pressure at that temperature being 0.75 in. Hg. The air 
also contains some water vapor, but since its amount is small 
compared with that of the flue gas, no serious error will be intro- 
duced by assuming it too saturated. The vapor pressure of 
benzene at 70°F. is 3.12 in. Hg, so that its partial pressure in the 
gas leaving the cooler must have that value. Therefore, the 
benzene in the waste gas can be determined. 


Mols dry gas| Mols wet gas 


Wt 29.55 3.12 cue 
(20.65. 0.75)| @0.55 ana). eo ee 


Consider the point where flue gas mixes with recycled gas to 
produce the gas entering the drier with 2.4% Os. Assuming 
no air leakage in this part of the system, the amount of dry, 
benzol-free recycled gas, y, may be figured from another oxygen 
balance, 

Oz in flue gas + Oz in recycled gas = O, in gas entering drier. 


0.8 + (0.028)y = (0.024)(100 + ¥), whence 
y = 400. 
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The precision of the value of y calculated in this manner is very 
poor, because of the probable inaccuracies in the determinations 
of these small amounts of oxygen. See Fig. 13. 

Since there is 20% of benzol in the gas leaving the drier (on 
the dry basis), it follows that there are 25 parts of benzol per 
100 parts of dry gas at this point. Since the weight of benzol 
evaporated in the drier is known, the amount of gas leaving the 
drier could be computed if the amount of benzol in the gas 
entering it were known. The problem is complicated, however, 
by the fact that, although the benzol content of the recycled 
gas is known, this gas is diluted both by make-up flue gas and 


Fecirculated Gas 400mols, dry benzene free 
1,0, 3.0mols Benzene484mol: 


Dry fluegas, na J Brice | Co mae Waste gas IImols dry benzene free 
Benzene 79.4mols Benzene 13.4mols. 
Atrleakage 11 0mols Recovered benzere, 66.0mols 


Fie. 13.—Solvent recovery problem. Basis.—100 mols fresh dry flue gas. 


by air leaking into the drier. It is, therefore, necessary to cor- 
rect the benzol content of the cycled gas for these two diluents. 

Since the partial pressure of benzol in the cycled gas is 3.12 
in., the partial pressure of the remaining gas must be the 
barometer minus this figure, or 26.43 in. However, this remain- 
ing gas contains water, in the ratio of 0.75 to 29.55. Therefore, 
the partial pressure of water vapor in the cycled gas is this ratio 
times 26.48, 7.e., 0.67 in. Hence, the partial pressure of dry gas 
is 25.77 in. Consequently, the mols of benzol per 100 mols 
of dry cycled gas is 100(3.12/25.77) = 12.1. However, there 
are 400 volumes of this cycled gas entering the drier for each 100 
of make-up flue gas, and on the same basis 11 volumes of air 
leaking in, making a total of 511 volumes. ‘The 400 volumes of 
cycled gas carry 4(12.1) = 48.4 mols of benzol. On the same 
basis, the benzol carried by the gas leaving the drier is 25(5.11) = 
127.8 mols per 100 mols of fresh dry flue gas used. ‘Therefore, 
the benzol picked up in the drier is the difference in these quanti- 
ties, 79.4 mols. 

It has already been pointed out that the amount of cycled 
gas, 400 mols per 100 mols of make-up flue gas, is not a figure 
accurately known. It might, therefore, at first appear that the 
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recycled benzol, per 100 mols of dry gas used to carry it out of the 
drier, z.e., 48.4/5.11 = 9.45, is subject to the same error. This 
is not the case, because most of the gas entering the drier is 
cycled gas saturated with benzol and the dilution of this gas by 
flue gas and air is, after all, only a minor correction term. ‘Thus, 
if it is assumed that the ratio of cycled gas to make-up flue gas 
were 5:1 instead of 4: 1, 7.e., assuming an error in this quantity of 
25%, the amount of benzol entering with the cycled gas per 100 
of dry gas leaving the drier, figured as above, is 9.90 instead of 
9.45 mols, 7.e., an error of less than 5%.! 

With these preliminary calculations, it is now possible to 
answer the questions in the problem. 

1. The volume of gas entering the drier per minute, exclusive 
of air leakage, is made up of fresh flue gas and recirculated gas 
containing benzene, both containing water vapor. These may 
be tabulated as follows: 


Mo.xs 
AD) mia LOK Dafa N SN re phim a aise es rect mS clo eiio.: 100 
Dry benzol-free-recy cled’ gas....2.25...00.0+020 00 ues 400 
Moisture with above, 500(0.75)/28.8) =............. 13 
Recycled benzenervapor ce asec) eaealaeter-een tee 48.4 
Total Pas \.j.0n ye eetec ee Meotaaee walle Greve Sera at ee 561.4 
Basis.—1 min. 
Mols Cubic | Cubic 
Pounds | ben- | Mols | feet, feet at 
benzene} zene gas Se@e )29-55 m: 
1,200 561.4 | 359 29.9 530 w10 Gur 
= cu. ft. 
60 * | 78) | 79749 | | 29.55 | 492 


1Tt takes a relatively large amount of gas to carry the benzol out of this 
drier. Where this gas comes from, whether flue gas or cycled gas or even 
air, is, from this point of view, relatively unimportant. The case is analo- 
gous to that of the tunnel kiln discussed in Chap. VI. In that case a large 
amount of gas was required to carry the heat forward in the kiln to the point 
required. Whether this gas was preheated in the cooling end of the furnace 
or came in as excess cold air in the combustion zone was relatively unim- 
portant, provided heating of the stock only was being considered, but from 
the point of view of thermal efficiency, it was extremely desirable that the 
quantity of theoretical flue gas employed was made as low as possible. 
Similarly here, the use of make-up flue gas, while perfectly satisfactory from 
the point of view of drying, cuts down the efficiency of recovery of the 
benzol. 


= 
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2. Volume of make-up gas. 


Basis.—1 min. 


Mols 
Mols| dry | Cubie | Cubic 
Pounds | ben- | flue feet, feet at 
benzene} zene gas S. C. | 28.8 in. 
1,200 100 359 29.9 530 
60) . WS) 79.41 SREP ote eral 


3. Percentage recovery of benzol. 
Basis.—100 mols of dry make-up flue gas. 
(100)(79.4 — 13.42)/79.4 = 83.1%. 

4. Number of times a given unit of flue gas circulates through 
the drier before being discarded. 

Basis.—100 mols dry make-up flue gas. 

Besides this fresh flue gas, there are 400 mols of recycled gas, a 
total of 500 mols in process other than airleakage. Thus, the fresh 
flue gas makes up one-fifth of this total and may be considered as 
passing through the drier five times before being thrown away. 

Absorption of CO, in Carbonate-bicarbonate Mixtures, in 
the Manufacture of Liquid CO..—By passing a clean purified 
flue gas up through an absorption tower fed with a so-called lye 
solution, made up originally with NazCO;, the CO, content of 
the gas is reduced from 15.5 to 10.1%. The lye solution at 
entrance and exit is analyzed with 0.4844 normal HCl, using 
in each case 10 cc. samples of lye. For the incoming lye 13.46 cc. 
of acid are required to decolorize phenolphthalein and a total of 
38.42 cc. to get an end point with methyl orange. For the exit 
liquor these values are 8.74 and 38.59 cc. respectively. One 
hundred ninety gallons of lye per hour are supplied to the tower, 
which operates at a subtantially constant temperature of 140°F. 

1. What per cent of the alkali in the two solutions is in the 
form of bicarbonate? 

2. How many pounds of CO, are absorbed per hour? 

3. What is the volume in cubic feet per minute of the gas 
entering the tower? 

Solution. 1. Basis.—10 cc. of entering liquor. 

Total milliequivalents of alkali 

(38.42) (0.4844) = 18.61. 

Milliequivalents as bicarbonate 

(38.42 — 2 X 13.46)(0.4844) = 5.57. 
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Per cent in form of bicarbonate 

(5.57/18.61)100 = 29.95%. 
Basis.—10 ce. of exit liquor. 
Total milliequivalents of alkali 

(38.59) (0.4844) = 18.68. 
Milliequivalents as bicarbonate 
(38.59 — 2 X 8.74)(0.4844) = 10.22. 

Per cent in form of bicarbonate 

(10.22/18.68)100 = 54.75%. 


2. Since these results are based on the alkali present, they are 
directly comparable. Hence, the increase in the percentage 
conversion to bicarbonate is 54.75 — 29.95 = 24.80%; in other 
words, 24.80 equivalents. of COz have been absorbed per 100 
equivalents of alkali used. To convert the analytical data from 
metric units into corresponding plant data in English units, it 
should be kept in mind that the ratio gram equivalents per gram 
is numerically identical with the ratio pound equivalents per . 
pound. Call the specific gravity S. 


Basis.—1 hr. 
Gallons | Pounds | Equivalents| Equivalents 
liquor | liquor of alkali of CO, 
190 8.33 S 0.01861 24.80 22 
= 16.11b. CO. 
| iv £0.82 SOON ee 


It will be noted that the gravities cancel. 


3. Basis.—1 min. 


Cubic 
Pounds | Mols | Mols | feet, 
CO, CO, | gas | S.C. 
16.1 100 359 600 


eo ae) s.5 |p aoa = 17-2 ou. ft. dry gas 


Water-gas Carburetion.—The Gas Investigation Committee 
of the British Institution of Gas Engineers! reports a careful 
test on a water-gas set in which the oil used showed by ultimate 
analysis 85.7% C, 12.7% H and 0.5% 8. The rest, 1.1%, may 
be assumed O. They found that the tar and emulsions removed 
contained 20.5% of all the C in the oil used, and the analyses of 
the dry tars averaged 91.2% C, 6.2% H and 1.2% §, leaving 1.4% 
O by difference. The blue gas was 6.1% COs, 0.1% Oo, 38.3% 
CO, 50.9% He, 0.56% CH4 and 4.1% No. The carbureted water 

1Gas J., 158, 815 (1922). 
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gas was 5.2% COs, 5.8% illuminants, 0.1% Os, 34.9% CO, 
38.1% He, 10.3% CH4 and 5.6% Ne. From these data, compute 
the pounds of carbon per 1,000 cu. ft. of the final product which 
comes from the oil and the volume of blue gas used (volumes at 
standard conditions, which, in the British gas industry correspond 
to a pound-molecular volume of 385.5 cu. ft.). 

Solution.—On a basis of 100 lb. of oil, the C in the tar was 0.205 
(85.7) = 17.57 lb. With this was 17.57 (6.2/91.2) = 1.19 lb. 
of H, 0.23 lb. of sulfur and 0.27 Ib. of O. The difference, 7.e., 
oil gasified in one way or another, is 68.13 Ib. of €C (5.68 atoms), 
11.51 lb. of He (5.71 mols), 0.27 lb. of S (0.01 atom) and 0.83 
Ib. of O (0.05 atom). Neglecting sulfur, the net H, is 5.66 mols. 
Hence, it appears safe to assume that carbon and net hydrogen go 
into the gas from the oil in the ratio of 5.68 C; 5.66 Ho. 


Basis.—100 mols blue gas. 


| _ Mols | Atoms C | Atoms O | Mols H, 


WOT es eas a eee eal 6.1 12.2 

(0) eer re ve iei thsi eicysio aie aia 0.1 oe 0.2 

CO Mra coe. Se otenie aks 38.3 38.3 38.3 

LEN Mee aes ao Rinean fora SackenGrn tes 50.9 aes 50.9 

Cl Sn cpeitice =e aE 0.5 0.5 1.0 

INGompeterr ota oe es Sisto lar 4.1 yak 
pLOtale decrease tert 100.0 44.9 50.7 51.9 

O = No SET Meas ew epieta hs wach eee) pain tay ee nto (Say a hte vetlel ents, eke] one ed 

Ore steam decomposed fier. a.7: 2 oscc te ea de ed 48.5 48.8 

Net H, TS i HOLOCAUST GREY rn aE Cech Pre oti “3.4 


Basis —100 mols carbureted gas. 


| Mols | Atome® | Moma O | Mols H, 


OF=icteami decomposed =") tee 00h. cas. ead. ahs 42.5 42.5 
INIGE 1B is Fee sano 6 OOS Re Bene IONE IO aC ee Bsa 33.6 


166 INDUSTRIAL STOICHIOMETRY 


Call z the mols of blue gas and y the atoms of carbon in the 
product from the oil per mol of carbureted water gas. Set up (1) 
a carbon balance and (2) a net hydrogen balance, in each case 
equating the amount of the element in the blue gas plus that 
coming from the oil to that in the carbureted water gas. 


0.4492 + y = 0.678 (1) 
0.0342 + (5.66/5.68)y =0.336 (2) 
y = 0.309 atom C = 3.71 lb. C 

x = 0.822 mol blue gas. 


This, however, is for 385.5 cu. ft. Hence, for 1,000 cu. ft. the 
carbon from the oil is 3.71(1,000/385.5) = 9.61 Ib. Similarly, 
the blue gas consumption is 822 cu. ft. per 1,000 cu. ft. of product. 

By entirely different measurements and methods the committee 
found 9.38 lb. of C and 840 cu. ft. of blue gas. 

This test was conducted at a carburetor temperature of 
about 1330°F. This is lower than the practice in many 
American plants. With higher temperatures, tar formation is 
less. Above 1400°F. it is probably not far in error to assume 
as a first approximation that 90% of the C and 95% of the net 
H of the oil go into the gas. Of the remainder, however, some 
does not show up as tar but is burnt out during the air blow. 

A committee report of the American Gas Association! gives 
the following data: Blue gas, 5.0% COn2, 0.83% Os, 38.9% CO, 
51.6% He, 2.56% CH, and 1.7% Ne; finished gas, 4.1% COz, 
10.1% illuminants, 1.0% Os, 28.5% CO, 31.9% He, 14.7% 
CH.zand 9.7% Nz. While they do not give the ultimate analysis 
of the oil, it was a Mid-continent stock of a gravity such that it 
probably contained very nearly 6 lb. of carbon and 0.86 lb. of 
net hydrogen per gallon. From these data and the assumption 
of the preceding paragraph compute: 


1. Gallons of oil used per 1,000 cu. ft. finished gas. 

2. Cubic feet of blue gas per 1,000 cu. ft. finished gas. 

3. Per cent of carbon present as oxides in the finished gas 
which entered as oxides in the blue gas. 


Solution.—The carbon entering the product from the oil is 
assumed to be 90% of 6 lb. = 5.4 Ib. = 0.45 atom C and the 
hydrogen, 95% of 0.86 lb. = 0.817 Ib. = 0.405 mol He. 


1 Proc. Am, Gas Assoc., 1923, 1038. 


, 
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Basis.—100 mols blue gas. 
2 i a RR oe 2 ee ee ee Cea 


| Mols | Atoms C | Atoms O | Mols H, 


8 CSS Oe eae 5.0 5.0 10.0 
Geer are ae a Workin gener eae 0.3 rae 0.6 
CO, Beet atten awe! 38.9 38.9 38.9 
LN INE Deer Or eee ara oon 51.6 51.6 
CLLR Se ae ere ee 2.5 2.5 5.0 
BN FE as aca:e afew) wad Sis ce 

OPA ticles erat s «ah os 100.0 46.4 49.5 56.6 
O > N2 Coates Soe mona A GEC ich ORE IO Pei ask Gn ae OMe ak Gears c | 0.9 
Of steam decomposed =: ho. 62 be. se nee se ws 48.6 48.6 
ING Om Nose 80 rae chee Rea coo Lem ct seal ees Ns see 8.0 


Basis.—100 mols finished gas. 


| Mols | Atoms C | Atoms O | Mols H; 


Ex C hei. ek si ase ree me ee e 4.1 4.1 8.2 
(Chl 8 ia ie a a LOO eae Ee 10.1 30.3 Beets 30.3 
\ OAS bo eRe: ee reece 1.0 2.0 
GOs Saat ane pene enter 28.5 28.5 28.5 
18D chatead ole eee See 31.9 31.9 
(GUS Vice. Geis Sete ERR an Biecaen tae 14.7 14.7 29.4 
IN eet beaictes aver dcisa outa rset teat « 9.7 ae 

PRO Pa lemrants i shore, seca eee 100.0 77.6 38.7 91.6 
OSI Sa ees en hae teincye CRA anew aaa 5.15 
Mize ateam Gecomposedy =e oi)e-c sees, sty are oie) oc su? 33.55 Sooo) 
INR TB ES TE A ee eel ce earch CINE Fel Ca NSLOROI CREE RE) (ME Cr 58.05 


On the basis of one mol of finished gas: 
x = mols blue gas. 
y = gallons of oil. 
Carbon balance: 0.464z2 + 0.45y =0.776 
Net Hz balance: 0.08x + 0.405y = 0.5805 
x = 0.353, y = 1.36. 


Since, in American practice, the pound-molecular volume is 
380 cu. ft., the oil per 1,000 cu. ft. of product is 1.36(1,000/380) 
= 3.58 gal. The direct measurements of the committee showed 
3.69 gal., a difference of 3%. The blue gas per 1,000 cu. ft. of 
product is obviously 353 cu. ft. This blue gas contained 5.0 + 
38.9 = 43.9% of carbon oxides = 155 cu. ft. per 1,000 cu. ft. 


168 INDUSTRIAL STOICHIOMETRY 


of finished gas. Since the finished gas contained 4.1 + 28.5 = 
32.6% = 326 cu. ft. of oxides of carbon per 1,000 of product, only 
100(155/326) = 47.5% of these entered as blue gas. ‘The rest 
were formed in the carburetor or superheater by reaction of the 
excess steam from the generator. The steam probably interacts 
directly with hydrocarbons, but stoichiometrically the process 
can be considered as water-gas formation with carbon deposited 
by cracking. This phenomenon is much more marked in this 
case than in the previous one, due to the higher temperature 
and the correspondingly higher reaction rate. This decomposition 
of steam during carburetion is a decided factor in lessening tar 
formation. 

If, in using this method, net hydrogen in the coke could be 
neglected, or if, as is frequently allowable, it is possible to assume 
the value of the ratio of net H2:C in the generator fuel as con- 
sumed during the steam blow, it is not necessary to analyze the 
blue gas, but the ratio of carbon from blue gas to carbon from 
oil can be computed, using only the analysis of the finished gas 
and of the oil corrected for tar. Were there no net hydrogen in 
the coke, all net hydrogen in the product would come from oil 
alone; hence, this would be computed accurately from a net 
hydrogen balance. The net hydrogen in the generator fuel is 
only a minor correction, and hence, the computed oil value is 
quite dependable. The quantity of blue gas is computed from 
a carbon balance by difference, and is a much less accurate figure. 
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English units 


Metric units 


Onerat mosphere se: ster. da eee 29.92 in. of Hg; 14.7 


lb. per square inch 


Standard conditions (S.C.)......|32°F., 1 atm; 
492°R., 1 atm. 

Molecular volume, §.C......... 359 cu. ft. per 
pound mol 

Density of water (approximate)..| 62.4 lb. per cubic 
foot 

Specific gravity of mercury...... 13.6 

One gallon of water............ 8.33 Ib. 


Grastconstanted.om can siete 1,548 in engineering 
units! 


Onewtaradaywe- scm ee. fond 


CoNnVERSION Factors 
Degrees Fahrenheit = 1.8 (°C.) + 32 
Degrees Centigrade = (°F. — 32)/1.8 
Degrees Rankine = °F. + 460 
Degrees Kelvin = °C. + 273 


Vapor PRESSURE OF WATER 


English units ! 


Temperature, de-| Pressure, inches 


¢ 


Temperature, de- 


760 mm. of Hg 


0Cyl) wanten:: 
273°K., 1 atm. 
22.4 1. per gram 
mol 


1 g. per cubic centi- 
meter 

13.6 

0.08207 1.-atm. 


96,500 coulombs 


1 inch = 2.540 cm. 
1 foot = 0.3048 meter 
1 pound (avoirdupois) = 453.6 g. 


Metric units 


Pressure, milli- 


grees Fahrenheit of Hg grees Centigrade meters of Hg 
32 0.18 0 4.57 
40 0.25 5 6.51 
50 0.36 10 9.14 
60 0.52 15 12.67 
65 0.62 20 17.36 
70 0.74 22 19.63 
75 0.87 24 22,115 
80 1.03 26 24.96 
85 121 28 28 .06 
90 1.42 30 31.51 
95 1.66 35 41.78 
100 1.93 40 54.87 
105 2.24 45 71.36 
110 2.59 50 91.98 


1 Pressures in pounds per square foot, volumes in cubic feet, temperatures 


in degrees Rankine, quantities in pounds mols, 
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INTERNATIONAL ATomic WeicuTs, 1930 


Miatgniveortrin: 5's steeccn eugene tree cic eee epeee 
Manganese aatr..at eee sonieece sath ans eee 


Pun gstentwa sid) eecte kau OAterine Re ree Te 
Vanadium 


Symbol 


Atomic 
weight 


INDEX 


A 


Absolute temperature, Centigrade, 2 
Fahrenheit, 2 
Air, cubic feet used, 21 
per cent excess, 20 
primary and secondary, 92 
Analysis, flue gas, 17 
of gas containing SOx, 36, 64 
proximate, 12 
ultimate, 11 
Ash, 11 
Atom, gram, 2 
pound, 2 


B 


Basis of computation, 8 

Bisulfite production, 68-71 

Blast-furnace calculations, 123-133 

Bleach solution, production of, 141- 
146 

Blue gas, 164 

British thermal unit, 3 


C 


Calorie, 3 
Carbon, combustion of, 11-43 
dioxide, absorption of, 163-164 
liquid, manufacture of, 163-164 
Carburetion of water gas, 164-168 
Cement, 95-105 - 
Centigrade heat unit, 3 
Chamber acid, 72-76 
Chart, sensible heat content of gases, 
5, 6 
Clinker, cement, 96-105 
Coal, analysis of, 11, 12 
combustion of, 11-43 
unburnt, 24 
Combined water in solid fuels, 11 
Combustible matter in solid fuels, 12 
Combustion, 11-43 


Combustion, calculations, 14-43 
heats of, 14 
of pyrites, 63-67 
of sulfur, 60-63 
zone in a furnace, 111 
Computation, basis of, 8 
Converting from metric to English 
units, 139 
Cooling zone ina furnace, 111 
Copperas, production of rouge from, 
137-141 
Crystallization, 149-151 


D 


Dalton’s law, for gas mixtures, 3 

Decomposition, heat of, for lime- 
stone, 85 

of steam in gas producer, 55 

Design, furnace and kiln, 108-121 

Development of new proposition, 
137 

Dew point of gases, 30 

Dilution, measurement of gases by, 
153 

Distribution ratio between primary 
and secondary air, 92 

Dolomitic limestone, in blast fur- 
nace, 129 

Draft in stack, 38 


E 


Earmarking, 34, 84, 132 
nitrogen in producer gas, 34 
Efficiency, furnace, 82, 91, 95, 117 
plant, 143, 148 
sulfur, 64, 67, 68 
Eldred-Doherty lime kiln, 88-95 
advantages of, 95 
Electrolysis, 154-156 
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172 


Energy balance, use of, 7 
Excess air, and furnace efficiency, 
aly 
per cent, 20 
F 
Ferromanganese production, 129- 
133 
Fixed carbon, 12 
Flue gas, analysis, 17 
cubic feet of, 22 
Fuels, 11-48, 48-59 
analysis, 11, 12 
consumption, reduction of, 88-95 
gaseous, 13 
liquid, 13 
ratio, lime-burning, 80 
solid, 11 
combined water in, 11 
combustible matter in, 11 
Furnace, efficiency, 82, 91, 95, 117 
design, 88-95, 108-121 


G 


Gas, analysis, 15, 17 
constant, 2 
inert, production of, 26-29 
laws, in English units, 2 
in metric units, 2 
natural, 13 
permanent, 2 
producers, 48-59 
Gay-Lussac tower, 73-76 
Glover tower, 72-76 
Gram, atom, 2 
calorie, 3 
mol, 1 
molecular volume, 3 
Gypsum, in cement production, 96— 
105 


H 


Heat, capacity, 4 
loss by radiation, 58, 88 
in stack gases, 23 
‘of combustion, 13 
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Heat, of decomposition or formation, 
85 
of reaction, 4 
required to vaporize water, 39 
units, 3 
Heating values, higher and lower, 14 
Hematite, 123-129 
Herreschoff burner, 67 
Hydrochloric acid plant calculations, 
156-159 
Hydrogen, available or net, 11 
Hydrogenation of oils, 154 


I 


Inert gas, production of, 26-29 
Iodine number, 154 
Tron, from hematite ore, 123-129 
metallurgy of, 123-135 
oxide red, calculations for plant 
design, 137-141 


K 


Kelvin temperature scale, 2 

Kiln, cement, rotary, 95-105 
design, 108-121 
Eldred-Doherty, 88-95 
externally fired, shaft lime, 85-95 
lime, 80-95 
tunnel, design of, 108-121 


L 


Law (see name of). 

Lime, burning, 80-95 
Eldred-Doherty kiln, 88-95 
externally fired shaft kiln, 85-95 

Limestone, 80-95 
dolomitic, 129-135 

Liquid, carbon dioxide, 163-164 
fuels, 13 


M 


Material balance, use of, 7 

Measurement by dilution, gases, 153 

Metallurgy, 123-135 

Methane, combustion of, 15 

Milk of lime, absorption of SO, in 
68-72 


? 


INDEX 


Mix, raw, cement production, 95- 
105 
Moisture, in solid fuels, 11, 12 
Mol (defined), 1 
gram, 1 
per cent in gas mixtures, 3 
pound, 1 
Molal, heat capacity, 4 
units (defined), 1 
volume, 3 
Morgan gas producer, 51-58 


N 


Natural gas, 13 

Net hydrogen, 11 

Nitrogen, effect of neglecting, 33-35 
in fuels, 11 
oxides, 62, 72-76 

Nitrous vitriol, 72-76 

nth operation, 142-147 


O 


Oil, combustion of, 13, 16, 29 

Open-hearth furnace calculations, 
133-135 

Orsat analysis, 31 


iP 


Plant design, 136-148 
Pound, atom, 2 
mol, 1, 2 
molecular volume, 3 
Preheating, stone for lime kiln, 89 
zone in furnace, 111 
Pressure, partial, 3 
Primary air, 92 
Producer gas, combustion of, 33, 82— 
85 
production of, 48-59 
Proportion, 7 
Proximate analysis, 12 
Pyrites, combustion of, 63-68 
Pyrolusite, ore, 129-133 


R 


Radiation, heat loss by, 58, 88 
Rankine temperature scale, 2 


Ratio, 6 
distribution, between primary and 
secondary air, 92 
fuel, in lime burning, 80 
Raw mix, cement production, 95-105 
Reaction, heat of, 4, 102 
Recirculation, Eldred-Doherty, 88- 
95 
gases in solvent recovery, 160-163 
wash water in plant processes, 142, 
147 
Recovery of solvents, 159-163 
Reduction and refining of iron, 123- 
125 
of fuel consumption, 88-95 
Refuse, 24 
Roasting of sulfide ores, 67, 123 
Rotary cement kiln, 95-105 
Rouge, calculations for plant design, 
137-141 


s 


Sal soda, production from soda ash, 
146-148 
Secondary air, 92 
Sensible heat content of gases, charts, 
5, 6 
Shaft lime kiln, 85-95 
externally fired, 85, 88 
Slag from blast furnace, 129 
Soda ash, production of sal soda 
from, 146-148 
Solid fuels, 11 
Solubility, 149-151 
Solvent, of crystallization, 149 
recovery, 159-163 


‘Specific heat (defined), 4 


Stack gases, cubic feet of, 22 
heat losses in, 23 
Standard conditions, 3 
Steam consumption 
ducers, 48-58 

Sulfide ores, roasting of, 67, 123 
Sulfur, combustion of, 11, 60-63 . 
compounds, 60-76 
effect of neglecting, 35 
in ash, 36-38 
in fuels, 11 


in gas pro- 
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Sulfuric acid, 72-76 Volatile combustible matter, 12 
chamber plant calculations, 72-76 Volume per cent in gas analysis, 3 
Herreschoff burner, 67 


WwW 
T 
Water, combined, 11 
Tar in producer gas, 52-58 evaporated in Glover tower, 72-76 
Temperature, scales and units, 2 fed to chambers of sulfuric acid 
Tunnel-head gas, 126 plant, 73-76 
kiln, 108-121 from air, 27 
from net hydrogen, 18 
U gas, carburetion, 164-168 
combustion of, 15, 31 
Ultimate analysis, 11 heat of vaporization of, 39 
‘Unburnt combustible, 24 of crystallization, 149 
Uncoked coal, 24 
Z 


vV 
Zones, combustion, cooling and pre- 
Vaporization, heat of, 39 heating in furnace, 111 


5 
F 

| 
k 

| Se 
4 
| 

| 
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